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Arsenic contamination in drinking water is a worldwide public health concern.  
Contamination occurs from both natural and anthropogenic sources and is associated with 
serious acute and chronic health effects.  In 2001, the Environmental Protection Agency (EPA) 
changed the maximum contaminant level (MCL) of arsenic from 50 to 10 μg/L.  Because of this, 
there have been incentives for further research and development of cost-effective technologies to 
help meet these new standards, especially in small community water systems. 
Over the past decade, attention has turned to zero-valent iron (ZVI) as a possible arsenic 
removal material because of its efficient, inexpensive, and locally available qualities.  Previous 
studies using ZVI have demonstrated that it can be very effective in the removal of arsenic by 
adsorption, with bench-scale studies achieving greater than 95% removals at equilibrium. Pilot-
scale studies, which implemented a diatomaceous earth (DE) precoat filtration scheme, achieved 
over 70% removals with initial arsenic concentration of 2 mg/L and a ZVI dose of 200 mg/L 
(Little, 2011).  Moreover, dissolved iron concentrations must not exceed the EPA’s secondary 
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standard of 0.3 mg/L; previous research has shown by maintaining an aerobic environment with 
pH levels above 7, the issue is alleviated (Little, 2011).    
The primary focus of this research continues with the examination of enhancing these 
removals with a smaller initial concentration of arsenic (200 µg/L), while also enhancing the 
removals of select contaminants, such as MS2 bacteriophage (MS2) as well as natural organic 
matter (NOM), by using ZVI as an adsorptive and amending the DE aluminum-coated 
diatomaceous earth (DEAL), and iron-oxide/aluminum-coated diatomaceous earth (FEOOH-
DEAL) media.  Conclusions from these studies have shown that amended DE bodyfeed with 
ZVI and selected metal-coated DE significantly increased arsenic removals, 95% arsenic 
removals, over the non-amended DE filter; using amended DE bodyfeed with ZVI significantly 
increased MS2 removals in DE filters, over 99% MS2 removals, over the non-amended DE 
filter; and amended DE bodyfeed with ZVI and selected metal-coated DE slightly increased 
NOM removals from 4% to 8% removals, while DEAL amended bodyfeed significantly 




Arsenic contamination in drinking water is a worldwide public health concern.  The 
presence of arsenic in groundwater occurs from both natural and anthropogenic sources and is 
associated with serious acute and chronic health effects.  In January of 2001, the Environmental 
Protection Agency (EPA) revised the maximum contaminant level (MCL) of arsenic from 50 
μg/L to 10 μg/L.  This new revision went into effect in February 2002.  Arsenic has been 
categorized by the EPA as a “Group A” human carcinogen, which denotes that it is a known 
carcinogen to humans.  The most common form of arsenic exposure occurs through the ingestion 
of contaminated drinking water (WHO, 2003).  Ingesting arsenic in doses greater than the MCL 
can result in skin damage, problems with the circulatory system, cancer, seizures, and death.  
Even ingesting arsenic in levels less than the MCL can have long term effects such as vascular 
diseases and cancer of the skin, lung, bladder, kidney, and liver.   
According to the EPA, the public water systems were required to be incompliance of the 
new adjusted regulations by January 2006.  Regardless of the size of the treatment system, all 
community, non-community, and non-transient water systems must comply with the new 
regulations.  Larger systems are more readily able to update their systems to adhere to the tighter 
restrictions on the MCL for arsenic, i.e.  it costs less per gallon to treat large quantities, than 
compared to the smaller systems, which are subject to greater costs per gallon related to 
economies of scale.  Small systems are categorized as serving less than 10,000 people.  The 
projected increase for the small systems to bring their treatment schemes up to regulation ranges 
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from $38 to $327 per household, compared to the estimated cost for larger systems between 
$0.86 and $32 per household (EPA, 2006).  There is an incentive for research and development 
into new, innovative, and cost-effective technologies to aid the smaller treatment systems get 
achieve the new arsenic standard. 
 Due to the reduction of the MCL on arsenic, interest has arisen in alternative treatment 
technologies that are cost effective, especially for smaller treatment systems.  The EPA lists the 
best available technologies for the removal of arsenic consist of activated alumina, 
oxidation/filtration, ion exchange, reverse osmosis, electrodialysis reversal, enhanced 
coagulation/filtration, and enhanced lime softening (EPA, 2003).  In recent years, attention has 
turned towards zero-valent iron (ZVI) as an adsorptive media in an arsenic removal scheme.  
Previous research has shown that ZVI can be effectively used in the removal of arsenic 
contaminated waters by adsorption.   
1.1 PAST RESEARCH AT THE UNIVERSITY OF NEW HAMPSHIRE 
Much research has been done at the University of New Hampshire (UNH) involving the 
treatment of arsenic contaminated water, under the New England Water Treatment Technology 
Assistance Center (NE-WTTAC).  This involved the research done by four graduate students, 
Hadnagy (2004), Le Roux (2005), Pepler (2009), and Little (2011).   
In 2004, Emese Hadnagy explored the potential of arsenic adsorption utilizing different 
adsorbents in small systems.  Kinetic and isotherm studies were on conducted on the adsorbents 
activated alumina (AA), granular ferric hydroxide, goethite, and ZVI.  Further analysis was 
recommended for ZVI since it showed the most promising results in both studies.  Hadnagy 
(2004) also evaluated the anion competition for adsorption sites with arsenic for AA, granular 
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ferric hydroxide, and goethite.  ZVI, however, was not evaluated because of unforeseen 
experimental discrepancies.  Future recommendations included further assessment of ZVI, 
evaluation of anion competition at different pH values, and additional investigation into DE 
coated with hematite and other adsorbents (such as AA and various iron types). 
Mathilde Le Roux (2005) investigated the efficiency of ZVI as an adsorbent to remove 
arsenic, the influence of pH and oxidation-reduction potential (ORP) conditions and evaluated 
sulfate competition.  Le Roux (2005) mainly focused on the efficiency of ZVI, as a sorbent, in 
removing arsenic from drinking water while also assessing the influence of water quality 
conditions on arsenic removal and iron dissolution using ZVI.  Le Roux (2005) found that pH 
and ORP greatly influenced the arsenic adsorption by ZVI, especially at a low pH and a high 
ORP.  It was also established that sulfate competition was not significant at the conditions under 
which the research was performed.  Future recommendations were made to further investigate 
the influence of pH/ORP on arsenic removal using ZVI.   
It was the goal of Paul Pepler, in 2009, to assess arsenic removal by ZVI under various 
water quality conditions to determine the optimum conditions for arsenic adsorption, while 
minimizing the dissolution of iron.  This experimentation was done through the development/use 
of a pilot-scale system using a DE precoat filtration system (which would also be used by Little, 
2011). The influence of various water quality conditions on arsenic adsorption using ZVI was 
also assessed.  This research analyzed a range of pH and ORP conditions, as well as sulfate as a 
competitive anion for arsenic adsorption.  It was determined that ORP had a strong influence on 
the arsenic removal using ZVI, influence exerted by pH can be reduced if sufficient pretreatment 
and reaction times were allowed, and that sulfate did not yield a strong influence on arsenic 
removals by ZVI when pretreated. Pepler found that ZVI pretreatment under oxidizing 
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conditions created sorption sites by the corrosion of the ZVI surface.  It was also found that a 
ZVI-amended precoat filtration scheme was effective in the treatment for arsenic removal, 
although water quality conditions must be considered if iron dissolution is to be kept at a 
minimum.  Pepler (2009) recommended for future research that different ZVI pretreatment pH 
and ORP values on both the removal of arsenic and the dissolution of iron should be 
investigated, as well as the effect of pretreatment water quality conditions on iron dissolution, 
different pretreatment times of the ZVI, and to examine the effect of ORP conditions on the 
removal of arsenic and dissolution of iron.   
Nathan Little (2011) explored innovative separation processes for ZVI, evaluated the 
effect of water quality and operational conditions on iron dissolution, and evaluated the 
adsorption kinetics, all in an arsenic treatment system utilizing ZVI.  A bench-scale assessment 
was used for experimentation with magnetic separation of the ZVI, while the same pilot-scale 
system developed by Pepler (2009) was used for further analysis of the DE precoat filtration.  
The objectives for this research included evaluating the arsenic adsorption kinetics by ZVI, 
specifically through different oxidant types, ZVI pretreatment times, ion competition, assessing 
magnetic separation and DE precoat filtration as innovative ZVI separation techniques, and 
assessing the water quality conditions (pH/ORP) impact on iron dissolution.  Little (2011) found 
that high-gradient magnetic separation (HGMS) system showed positive results in the bench-
scale application as a ZVI separation system, as well as showing the DE precoat filtration system 
successfully removed ZVI from a pilot-scale arsenic treatment scheme.  Little found that shorter 
ZVI pretreatment times increased the kinetics of arsenic adsorption but also increase iron 
dissolution, as shown in Figure 1.1. 
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(a)  (b)  
Figure 1.1. (a) Percent arsenic removal from Little’s experimental runs at different ZVI pretreatment times; (b) Dissolved 
iron concentrations of the effluent from Little’s experimental runs at different ZVI pretreatment times. 
 
It was concluded arsenic removals improved with increased contact time and ZVI dose, and iron 
dissolution issues from past studies were alleviated by increasing pH conditions from 6 to 7 
within the pilot-system.  Additionally, it was concluded arsenic adsorption as well as iron 
dissolution could be achieved with a longer ZVI pretreatment time (24-hours). Future 
recommendations were that a tracer study should be conducted to determine the experimental 
contact times for the pilot-system, a toxicity characteristic leaching procedure (TCLP) study 
should be conducted on the precoat filtration residuals, and that a polishing step, such as 
gravitational settling, prior to precoat filtration should be looked into. 
1.2 OBJECTIVE AND SCOPE 
This research looked at the treatment of contaminated water using DE precoat filtration. 
DE filtration is a process that uses diatoms (the skeletal remains of small, single-celled 
organisms) as the filter media. DE filtration relies upon a layer of DE placed, or precoated, on a 
filter the septum. Contaminants that were analyzed were arsenic, MS2, and NOM.  The 
adsorptive media used to aid in the removal of the previously stated contaminants were ZVI and 
Time, min





































two proprietary media (created by Argonide Corporation): aluminum-coated diatomaceous earth 
(DEAL), and iron-oxide/aluminum-coated diatomaceous earth (FEOOH-DEAL).  The research 
was conducted using a pilot-scale system, where the contaminated water mixed with a slurry 
containing the adsorptive media.  After mixing, the water then flowed through the precoat filter, 
and the contaminant/adsorptive media was retained, producing a filtered effluent.  A simple 
schematic can be seen in Figure 1.1.   
 
Figure 1.2.  Simple treatment schematic. 
Since the water quality characteristics within the system could affect the adsorptive 
capacity the following parameters were monitored and controlled: pH, ORP, ionic strength, 
alkalinity, temperature, contaminant concentration, and ZVI pretreatment time. The primary 
objectives of this research were as follows: 
• Enhance the removal of arsenic under more realistic conditions in a DE precoat 
filtration scheme using ZVI, DEAL, or FEOOH-DEAL as an adsorptive media; 
• Enhance the removal of MS2 in a DE precoat filtration scheme using ZVI, DEAL, 
or FEOOH-DEAL as an adsorptive media; 
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• Enhance the removal of NOM in a DE precoat filtration scheme using ZVI, 
DEAL, or FEOOH-DEAL as an adsorptive media; 
• Minimize headloss throughout the system; 
• Prevent iron dissolution in a ZVI amended treatment scheme; 
• Investigate the adsorption capacity of ZVI in an arsenic treatment scheme; and 
• Evaluate the leaching properties of arsenic from different adsorption media. 
1.3 RESEARCH OVERVIEW 
 Bench- and pilot-scale experiments were performed in order to complete the research 
objectives mentioned in the previous section.  The pilot-scale system that was constructed to 
carry out the experiments to achieve the goals was modeled after that which was used in previous 
research at UNH, completed by Nathan Little (2011) and Paul Pepler (2009).  A total of eight 
experimental runs were completed, during which, four different adsorptive media was evaluated: 
DE (used as the control) ZVI, DEAL, and FEOOH-DEAL.  These experiments analyzed the 
adsorption capabilities of the different media types in regard to different contaminants with the 
addition of DE precoat filtration as the separation process. The first bench-scale study, consisting 
of five experimental runs, analyzed the potential arsenic adsorption capacity of ZVI and 
attempted to establish an overall Freundlich adsorption isotherm. The second bench-scale study 
performed, consisting of eight experimental runs, was to assess the arsenic leachability 
capabilities of the DEAL and FEOOH-DEAL media.  





 LITERATURE REVIEW 
 The following sections provide a literary review of journal articles, reports, and books for 
the purpose of gaining a better understanding of arsenic, ZVI, AA, adsorption processes, and 
precoat filtration. 
2.1 ARSENIC BACKGROUND 
 Arsenic contaminated drinking water is a worldwide public health concern.  Arsenic 
occurs from natural and anthropogenic sources and is the 20th most abundant element in Earth’s 
crust (Singh, 2006).  This semi-metal is odorless, tasteless, toxic, and exists in natural waters in a 
variety of states.  Most commonly, humans come in contact with arsenic through ingesting 
contaminated food or drinking contaminated water (WHO, 2003).  This makes it an extremely 
important constituent to remove from drinking water. 
2.1.1 Sources and Occurrence 
 Arsenic naturally occurs in over 200 minerals, of which consist of approximately 60% 
arsenate, 20% sulfides and sulfosalts, and 20% include arseindes, arsenates, oxides, and 
elemental arsenic.  Of these arsenic minerals, arsenopyrite (FeAsS) is the most common.  High 
levels of arsenic are also associated with many types of mineral deposits, especially those that 
contain sulfide mineralization.  Additionally, it is commonly found adsorbed to hydrous iron 
oxides (WHO, 2001) and other metaloxides (Singh, 2006).  Most of the environmental arsenic 
issues are the result of the mobilization under natural conditions (Smedley and Kinniburgh, 
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2002b).  This mobilization can be caused by weathering and dissolution of arsenic bearing rocks, 
minerals, and ores (EPA, 2003).   
The concentrations of naturally occurring arsenic in groundwater vary depending on the 
climate and the geology of a region (Welch et al., 2000).  Some environments where arsenic is 
naturally found commonly include inland or enclosed basins in arid or semi-arid areas, 
geothermal areas, strongly reducing aquifers, areas of mining activity, and areas where oxidation 
of sulfide minerals has occurred (Smedley and Kinniburgh, 2002b).  Countries including 
Argentina, Bolivia, Spain, Canada, Bangladesh, Chile, China, Ghana, Mexico, Hungary, India, 
Vietnam, Japan, Romania, Germany, Taiwan, and Greece are well-known areas with high levels 
of arsenic concentrations in groundwater (Welch and Stollenwerk, 2003).  More locally, in the 
United States, there are high levels of arsenic in groundwater recorded in the Northeast, 
Midwest, West, and Southwest (EPA, 2003).  One study conducted in the US has shown that 
approximately 10% of the 30,000 groundwater samples that were analyzed exceeded arsenic 
concentrations of 10 μg/L (Welch et al., 2000).  In 2002, the USGS estimated that around 1% of 
the 54,000 US public water supplies exceeded 50 μg/L, 3% exceeded 20 μg/L, 8 % exceeded 10 
μg/L, and 14% exceeded 5 μg/L arsenic concentrations (O'Connor, 2002).  Figure 2.1 represents 
counties throughout the United States in which at least 25% of groundwater samples exceeded 




Figure 2.1.  Arsenic concentrations in the United States found in at least 25% of ground-water samples within a moving 
50km radius (Ryker 2001).  
 
Arsenic also occurs through anthropogenic sources.  These can include, but are not 
limited to, mining, industry, and chemical waste disposal (Chakravarty, 2002), agricultural 
applications such as arsenical pesticides, crop desiccants, and livestock feed additive (Smedley 
and Kinniburgh, 2002b), wood preservations techniques, glass production, tanneries, fertilizer 
use, and landfill leachate (EPA, 2003).  Arsenic is also an additive in some poultry and swine 
feed and is used even in the manufacturing of some sheep dips and leather preservatives.  
Roughly 90% of the United States industrial arsenic use is associated with wood preservation 
(Welch et al., 2000).   It has been estimated that, worldwide, approximately 70% of the arsenic is 
used in wood treatment and preservation, 22% is used in agricultural chemicals, and 8% is used 
in glass production, pharmaceuticals, and non-ferrous alloys (WHO, 2001). 
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2.1.2 Fate and Transport 
 Arsenic can exist in many valence states (-3, 0, +3, +5), but under natural conditions it 
tends to exist in two: As [As(III), arsenite] and As+ [As(V), arsenate].  The difference between 
these two states is that there is the double bond oxygen in the molecular structure of As+ (Bang et 
al., 2002), and can interchange oxidation states depending on biological processes, redox (the 
electrochemical potential energy of electrons, Eh) conditions, and pH (the negative log of the 
hydrogen ion concentration) (WHO, 2001).  Arsenic can appear in organic and inorganic forms, 
the latter being more dominant in water and usually considered to be more toxic and existing as 
As or As+ (Ng et al., 2003).   
 Arsenic occurs in both surface waters, as well as groundwaters in varying concentrations, 
ranging from less than 0.5 μg/L to greater than 5,000 μg/L (Smedley and Kinniburgh, 2002b).  
These concentrations tend to be higher in groundwater, typically ranging from 100 to 500 μg/L,  
rather than surface waters, which commonly fluctuate between less than 1 to 10 μg/L.  Of course, 
there are exceptions to these generalizations, for example, groundwaters that have a higher pH or 
reducing conditions are subject to lower arsenic concentrations.  As previously stated, these 
varying concentrations can be influenced by geology, climate, pH, and even anthropogenic 
origins (Welch et al., 2000).   
The transportation of arsenic through waters can be influenced by the reactions of arsenic 
dissolution, adsorption, and precipitation in the environment.  This is generally influenced by 
two water quality conditions: the development of high pH, which corresponds to a pH greater 
than 8.5, and the development of strongly reducing conditions at or near a neutral pH (Smedley 
and Kinniburgh, 2002b).  Most commonly, arsenic occurrence in waters is frequently caused by 
Quay, 12 
 
the dissolution of arsenic bearing minerals, ores, and rock through weathering (EPA, 2003).  
Metal oxides as well as sulfide minerals containing elevated concentration of arsenic are also key 
factors in the transportation of arsenic (Singh, 2006).  Weathering of these minerals often 
produce high pH environments, which can lead to the desorption of previously adsorbed arsenic 
and can also prevent arsenic from being adsorbed (Smedley and Kinniburgh, 2002b).  A release 
of arsenic at a high pH could be dependent on a development of a negative net surface charge on 
the oxide particle at pH values that are above the point zero charge (PZC), which occurs between 
pH 7.8 and 8.5 (Benjamin, 2002), resulting in arsenite having a zero surface charge, and arsenic 
would be less strongly bound as arsenate.  A release of arsenic related to strongly reducing 
conditions would result in the reduction of arsenate to arsenite, which is less strongly bound 
compared to arsenate (Dixit and Hering, 2003).  Thus, arsenic speciation is greatly dependent on 
the pH of a system, as well as the Eh.  Figure 2.2 shows a predominance diagram for arsenic 
species in water over a variety of pH and Eh conditions, while Figure 2.3(a) and Figure 2.3(b) 
depict the speciation of arsenite and arsenate, respectively, over a range of pH conditions.   
 




(a)             (b)  
 
Figure 2.3.  Speciation diagram for (a) arsenite and (b) arsenate in waters as a function of pH.  Redox conditions for both 
graphs were chosen so that the particular oxidation state dominates speciation in both cases (Smedley and Kinniburgh, 
2002b). 
 
 Contrarily, organic arsenic, although it can be produced by biological activity, rarely 
achieves concentrations of any quantitative significance and importance, excluding waters which 
are directly influenced by industrial pollution.  Arsenic species that are produced by biological 
activity are often formed by methylation reactions catalyzed by microbial activity from yeasts, 
bacteria, or algae; the dominant forms being monomethylarsonic acid (CH5AsO3) and 
dimethylarsinic acid ((CH3)2AsO2H) (Smedley and Kinniburgh, 2002b).   
2.1.3 Toxicity 
 Arsenic has been classified as a by the EPA as a “Group A” human carcinogen, which 
denotes that it is a known carcinogen to humans.   Exposure is often attributed to ingestion of 
contaminated drinking water and has been associated with acute and chronic health effects 
(WHO, 2003).  The EPA has set the maximum contaminant level (MCL) of arsenic at 10 μg/L.  
Ingesting arsenic in levels less than the MCL can have long term effects such as vascular 
diseases and cancer of the skin, bladder, lung, liver, and kidney.  In addition to this, ingesting 
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arsenic in doses greater than the MCL can result in skin damage, problems with the circulatory 
system, cancer, seizures, and death (EPA, 2005).   
Acute exposure to arsenic has been shown to lead to abdominal pains, vomiting, diarrhea, 
weakness, numbness and tingling of the extremities, muscle pain, muscle cramping, and the 
appearance of skin rashes, known as papular erythematous.  The numbness of extremities can 
even lead to permanent damage of the nerves resulting in painful paraesthesias.  Signs of arsenic 
exposure can be observed in as little time as a month as progressive deterioration in motor and 
sensory responses.  Continued exposure can lead to Mee’s lines on the fingernails, known as 
leukonychia striata, and thickening of the palms and soles of the feet, known as palmoplanar 
hyperkeratosis (Murphy et al., 1981).  Chronic arsenic poisoning, also known as arsenosis, can 
occur from ingesting inorganic arsenic over an extended period of time and can lead to skin 
lesions, gastrointestinal symptoms, diabetes, peripheral neuropathy, renal system effects, 
cardiovascular disease, and cancer (WHO, 2010).   
2.1.4 Regulatory History 
Arsenic is also a worldwide concern, and therefore, the World Health Organization 
(WHO) advised the maximum allowable concentration for drinking water of 0.2 mg/L in 1958.  
This standard was revised and lowered in 1963 to 0.05 mg/L in the International Standards.  
Arsenic is considered by the WHO to be one of the 10 chemicals of major public health concern 
and has been referenced in the Guidelines for Drinking-Water Quality, which is intended to 
provide the basis for regulation and standard setting worldwide.  In 1993, the Guideline reduced 
the recommended limit of arsenic to 0.01 mg/L, however, this is designated as provisional due to 
the difficulties in removing arsenic from drinking-water (WHO, 2008). 
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In the United States, in 1942, the US Public Health Service (USPHS) set a temporary 
standard for arsenic concentration in drinking water of 50 μg/L.  The EPA then adopted the 
USPHS interim standard in 1975 (Smith et al., 2002).  The arsenic standard was later restricted 
to 10 μg/L by the EPA in October of 2001 and called for a compliance date by 2006 (EPA, 
2000).   
2.1.5 Treatment Technologies 
The EPA has comprised a list of the Best Available Technologies (BATs) for the removal 
of arsenic in drinking water.  These BATs are categorized into three difference processes: 
sorption treatment processes, membrane treatment processes, and precipitation/filtration 
processes.  These treatment schemes include ion exchange, enhanced lime softening, reverse 
osmosis, oxidation filtration, AA, and enhanced coagulation/filtration (EPA, 2001).  When the 
EPA established the BATs, iron-based sorbents were not included because of limited research 
(EPA, 2003).  Previous research, including some conducted at UNH (Hadnagy 2004, Le Roux 
2005, Pepler 2009, and Little 2011), have found that ZVI is an effective adsorption media for the 
removal or arsenic.  ZVI has shown to be a viable option for arsenic removal because it is 
inexpensive, effective, and easily accessible most anywhere.   
2.2 ADSORPTION  
The process of adsorption is a mass transfer process in which substances dissolved in the 
aqueous phase accumulate on the solid phase and are subsequently removed from the liquid 
(Harza, 2005).  Adsorption is a surface phenomenon, defined as the increase in concentration of 
a particular component at the surface or interface between two phases (Faust and Aly, 1987).  
The adsorption process plays a vital role in the bioavailability, transport, and fate of 
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contaminants and naturally occurring trace compounds in both natural and engineered aquatic 
systems (Benjamin, 2002).  It is also known to be one of the leading mechanisms controlling 
transport of arsenic in many groundwater systems (Welch and Stollenwerk, 2003), and is 
considered a BAT for arsenic treatment (EPA, 2003).   
2.2.1 Sorbents 
Solid materials that are capable of sorption consist of metal oxides, activated carbon, and 
ion exchange resins (Benjamin, 2002).  The most common sorbents used for the removal of 
arsenic consists of ion exchange resins, AA, and iron-based adsorbents (EPA, 2003).  The 
adsorbents that are relevant to this research include ZVI and AA. 
One major advantage of using adsorption technologies for arsenic removal is the lower 
operation and maintenance cost compared to other technologies (EPA, 2002).  Previous research 
has shown that use of ZVI has been used to effectively remove nitrate and other inorganic 
contaminants such as chromate, uranyl, copper, cadmium, aluminum, zinc, nickel, and metalloids 
(Bang, Korfiatis, and Meng, 2005).  Some of the key benefits for application of ZVI include low 
cost, simplicity in handling and scalability, and the formation of strong adsorption complexes 
between iron reaction products and dissolved arsenic species (Manning et al., 2002).  ZVI has 
been found by numerous researchers to be capable in removing arsenic compounds in water (Sun 
et al., 2006).  In the last decade, much research has been done on arsenic removal from 
groundwater, surface water, and soil using adsorption by iron-based adsorbents such as ZVI 
(Yoshizuka, Nishihama and Sato, 2010).   
Much like ZVI, AA has a relatively low operation and maintenance, as well as being 
fairly safe to handle compared to precipitation, ion exchange, and membrane filtration (Kim et 
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al., 2003).  Previous research has shown that AA has been used to successfully remove arsenic 
from aqueous solutions, as well as being one of the more preferred material to use in the 
adsorption process due to its ease of use. Studies have found that AA can be used as an effective 
option for the removal of arsenic and have shown that the exothermic nature of arsenic 
adsorption by AA is spontaneous and favorable (Singh and Pant, 2006). 
2.2.2 Process of Adsorption 
 The primary forces responsible for adsorption include: dipole-dipole, Vander Waals, and 
other weak physical intermolecular forces; these being electrostatic attraction to oppositely 
charged surfaces; and covalent bonding (Hemond, 2000).  The process of adsorption can be 
described as occurring in several phases (Metcalf & Eddy, 2003):  
1. Bulk solution transport: the movement of an adsorbate through the bulk liquid to 
the boundary layer of a fixed film of liquid surrounding the adsorbent, typically 
by dispersion and advection;  
2. Film diffusion transport: transport of adsorbate through the stagnant liquid film to 
the entrance of the pores of the adsorbent by diffusion;  
3. Pore transport: transport of adsorbate through the pores by a combination of 
molecular diffusion through the pore liquid and/or by diffusion along the surface 
of the adsorbent; and  
4. Adsorption (or sorption): attachment of the adsorbate to the adsorbent at an 
available sorption site, which can occur on the inner pores or the outer surface.   
 The four stages of adsorption are typically presided over by mass transfer, which is 
impacted by the following parameters: adsorbate concentration; adsorbent characteristics (e.g. 
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physical characteristics such as surface area and porosity); and mass transfer coefficients, which 
can be described by mixing regimes and water characteristics (Yu et al., 2006). 
2.2.3 Adsorption Mechanisms 
 The mechanisms that control the adsorption frequently involve more than one mechanism 
for each adsorption process.  It is important when considering adsorption to discern the 
differences between physical adsorption and chemical adsorption.  Physical adsorption involves 
only relatively weak intermolecular forces or nonspecific binding mechanisms, such as van der 
Waals forces, and chemical adsorption, or chemisorption, involves the specific exchange of 
electrons and essentially the formation of a chemical bond between the sorbate molecule and the 
surface of the adsorbent (Faust and Aly, 1987).   
 The chemisorption processes are generally controlled by the type of reaction occurring on 
the surface of the adsorbent, which include dipole attraction/repulsion, hydrogen bonding, 
charged functional groups, and neutral molecule interactions.  Similar to the physical adsorption 
process, chemisorption is typically a non-reversible and exothermic reaction, with a heat of 
adsorption greater than 200 kJ/mole (Crittenden et al., 2005).  One form of chemisorption is 
specific adsorption, also known as inner-sphere complexation; this involves the formation of a 
coordinative complex with a mineral surface.  Unlike the bonds in outer-sphere complexation, 
inner-sphere complexation is more difficult to break, and thus result in stronger adsorption of 
ions (Welch and Stollenwerk, 2003).   
The physical adsorption process involves three competing interactions: adsorbate-water 
interactions, adsorbate-surface interactions, and water-surface interactions.  Physical adsorption 
is generally an exothermic, reversible reaction, with a heat of adsorption of 4 to 40 kJ/mole 
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(Crittenden et al., 2005).  The strength of the adsorbate-surface interactions determines the extent 
of the adsorption that occurs.  Another form of physical adoption is non-specific adsorption.  
Non-specific adsorption, or outer-sphere surface complexation, involves the electrostatic 
attraction between a charged surface and an oppositely charged ion in solution (Welch and 
Stollenwerk, 2003). 
 There is evidence that demonstrates that the inner-sphere complexation is the primary 
mechanism for adsorption of arsenic on metal oxides from experiments designed to evaluate the 
effects of pH and ionic strength on arsenic adsorption (Welch and Stollenwerk, 2003).  Changes 
in ionic strength impact the formation of outer-sphere complexes formed by weakly adsorbed 
anions, since they affect electrostatic forces near the mineral surface. Whereas the formation of 
inner-sphere complexes coordinate specifically with the oxide surface in a manner that is 
independent of ionic strength (Welch and Stollenwerk, 2003).  Inner-sphere complexes have 
been shown to increase the negative charge of adsorbent surfaces, thereby decreasing the PZC, to 
a lower pH (Welch and Stollenwerk, 2003).  Specifically, the adsorption of arsenite and arsenate 
have been found to lower the PZC of various iron oxides (Hingston, Posner, and Quirk 1972; 
Jain, Raven and Loeppert, 1999).   
 Regarding the adsorption of inorganics, one class of chemical bonding to specific surface 
sites is the acid/base reaction at a functional group (Crittenden et al., 2005).  The adsorption 
properties of metal oxides, such as iron and aluminum, are due to the presence of surface 
functional groups that form from complexes at the surfaces of these metals, which result in the 
development of a surface charge that change with pH of the solution (Welch and Stollenwerk, 
2003).  The mechanism of arsenic adsorption onto AA and ZVI are dependent on the water 
quality conditions, specifically pH and oxidation reduction potential (ORP).  Changes in these 
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conditions can lead to changes in surface chemistry as well as arsenic speciation (Morgan and 
Lahav, 2007).  Arsenic species adsorb to metal oxides by ligand exchange with OH surface 
functional groups, which form inner-sphere complexes.  It has been observed that sorption on the 
metal oxides surface and precipitation appears to be the primary removal mechanisms for both 
arsenite and arsenate (Su et al., 2001).   
Zero-Valent Iron 
The adsorption of arsenic on to on to ZVI is strongly dependent on the pH, ionic strength, 
and the presence of competing ions in the solution (Dzombak and Morel, 1990).  Arsenic species 
protonate and deprotonate in response to changing pH. The pKa values for arsenite are 9.2, 
14.22, 19.22; and the pKa for arsenate are 2.19, 6.94, 11.5 (Bang et al., 2002). The adsorption of 
arsenite by ferric oxides is generally favored at neutral to alkaline pH, with the maximum 
adsorption observed at approximately pH 9 (Su et al., 2001; Yu et. al. 2006).  The adsorption of 
arsenate by ferric oxides decreases with increasing pH from 3-10 (Su et al., 2001). Furthermore, 
under aerobic conditions, pH 6 is the most favorable for removals of total arsenic (Bang et al., 
2002). 
The influence of pH on the adsorption capacity can be related to the surface charge of 
metal oxide.  The metal ions at the surface of the oxide can bind with hydroxide to form FeOH.  
Using the following equations, the FeOH group can become deprotonated or protonated (Morgan 
and Lahav, 2007): 
FeOH2+  FeOH + H+       (2.1) 
FeOH  FeO- + H+       (2.2) 
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According to Le Chatelier's Principle, as the pH decreases, the system will shift to the 
right to maintain equilibrium and will favor the positively charged FeOH2+.  Likewise, as the pH 
increases, the negatively charged FeO- will dominate.  This explains the trend of increasing 
arsenic removals with decreasing pH.     
Previous studies have shown that different mechanisms have the potential to predominate 
for arsenate and arsenite removal in both aerobic and anaerobic environments.   In aerobic 
environments, adsorption and surface precipitation seem to be the predominant mechanism for 
arsenic removal by ZVI; whereas in anaerobic environments, precipitation seems to be more 
important (Sun et al., 2006).   Additionally, numerous studies have indicated that a primary 
removal mechanism for arsenic by ZVI is due to spontaneous adsorption with iron 
oxides/hydroxides and coprecipitation of arsenic.  This in turn forms in-situ during ZVI 
oxidation.  The removal of arsenic by ZVI can be attributed to the adsorption by iron hydroxides 
generated from the oxic corrosion of ZVI (Huang et al., 2010).   It was found by Sasaki et al.  
(2009) that the co-precipitation with minerals bearing Fe(III) as corrosion products was governed 
by arsenic immobilization.  Sustained adsorption performance of ZVI for arsenic removal has 
also been found to be dependent on the continuous generation of iron oxide adsorption sites, as 
well as on the ability of arsenic to reach adsorption sites via diffusion (Melitas et al., 2002).  
Furthermore, studies have shown that the removal of arsenic via ZVI can be attributed to 
adsorption on iron hydroxides produced through the oxidation of ZVI by dissolved oxygen 
(Bang et al., 2005).  Figure 2.4 offers a representation of the mechanisms that are thought to 




Figure 2.4.  Mechanisms that are believed to dominate in the removal of arsenic by ZVI (Tanboonchuy et al., 2011). 
The primary mechanism of arsenic adsorption by metal oxides has been found to be 
attributed to inner-sphere surface complexation by ligand exchange with hydroxyl groups at the 
mineral surface. These inner-sphere complexations indicate the following surface complexations: 
bidentate corner-sharing, bidentate edge-sharing, and monodentate corner sharing (Fendorf et al., 
1997). A study by Sherman and Randall (2003) presented the adsorption of arsenate onto 
hematite, lepidrocite, goethite, and ferrihydrite occurred through the formation of inner-sphere 
complexes resulting from bidentate corner-sharing. 
Activated Alumina 
With regards to AA, arsenic removal is greatly dependent on pH and temperature (Kim et 
al., 2003).  Additional parameters that influence adsorption of AA have been found to be 
dependent on porosity, specific surface area, and skeleton density (Lin and Wu, 1999).  A study 
conducted by Singh and Pant (2006) evaluated the arsenic removal rates over several pH levels 
ranging from 3 to 12.  Equilibrium studies show that arsenic ions have high affinity towards AA 
with increasing pH; however, one of the highest adsorption rates was observed at pH 7.6. The 
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arsenic removal mechanism can be explained by using the model of a hydroxylated alumina 
surface subject to protonation and deprotonation (Singh and Pant, 2006). 
Al2O3 + 2OH- 2AlO2- + H2O      (2.3) 
Equilibrium studies show that arsenic ions have high affinity towards AA with increasing 
pH; however, one of the highest adsorption rates was observed at pH 7.6. 
Based on the removal mechanisms discussed in this section, Table 2.1 presents the 
possible and anticipated adsorption mechanisms for the identified selected dissolved and 
microbial contaminants. For example, it is assumed that if ZVI has a PZC between pH 7.8 and 
8.5 and the pH of the solution is set at 7.1 ± 0.1, then the ZVI will have a positive charge. 
Similarly, if MS2 has a PZC between pH 2 and 3 (in a solution of pH 7.1 ± 0.1) the MS2 will 
have a negative charge. Therefore, the ZVI an MS2 (at a pH of 7.1 ± 0.1) will be electrostatically 
attracted. Additionally, MS2 is approximately 25 nm and turbidity particles are typically larger 
than 5 nm; therefore, MS2 and turbidity can also be removed by straining.  
Table 2.1. Potential removal mechanisms for adsorption of selected groundwater contaminants (Metcalf & Eddy, 2003). 
Constituent PZC  (pH) 
Charge at  
pH 7.1 ± 0.1 
Possible Mechanism for 
Adsorption/Removal 
Arsenate 2.2 (–) - Electrostatic attraction 
Bacterial flocs  
(e.g. MS2) 2 – 3 (–) 
- Electrostatic attraction 
- Straining 
NOM/turbidity 
particles 2 – 3 (–) 




NOTES: PZC of metal oxides (ZVI and AA) is approximately at pH 7.8 – 8.5, and the PZC of 





2.2.4 Adsorption Isotherms/Capacities 
Numerous isotherm models regarding the adsorption capacities have been developed to 
reflect the arsenic adsorption by ZVI. The conclusions of these studies are summarized below: 
• Nikolaidis et al.  (2003): The accumulation on the ZVI media was 4.4 mg of arsenic per g 
of media.   
• Bang et al.  (2005): ZVI was found to have high removal capacities for arsenate over 
arsenite in the presence of oxygen. 
• Kanel et al.  (2005): The calculated maximum arsenite adsorption capacity by Freundlich 
adsorption isotherm was 3.5 mg of arsenite per g of NZVI. 
• Sasaki et al.  (2009): The calculated maximum sorption capacities of 1.92 mg-As/g-ZVI 
using Langmuir isotherm models.  
• Tanboonchuy et al.  (2011): ZVI has a high capacity for arsenic remediation, including 
both arsenate and arsenite.  The maximum sorption capacities for arsenate was 118 mg/g 
using the Langmuir isotherm model, and 206 mg/g using the Freundlich isotherm model; 
the maximum sorption capacities for arsenite was 102 mg/g using the Langmuir isotherm 
model,  and 76.9 mg/g using the Freundlich isotherm model (solution pH of 4).  
Studies conducted by Kanel et al.  (2005), Bang et al. (2005), Sun et al.  (2006), Biterna 
et al.  (2007), Le Roux (2005), Pepler 2009, and Little (2011) have shown that the following 
factors directly impact the adsorption capacity: competitive ions, temperature, pH and redox 
conditions, and ZVI characteristics (particle size and source).  
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Regarding arsenic adsorption using AA studies, as presented in Singh and Pant (2004), 
conclude that both Freundlich and Langmuir adsorption isotherms were well fit to the 
experimental data, with higher adsorptions rates observed at higher temperatures.  
Additionally, the incorporation of iron oxide onto AA was found to have significantly 
increased the overall percentage of arsenic removal and adsorption capacity for both arsenite and 
arsenate removal (Singh and Pant, 2006). 
2.2.5 Influence of pH and Eh 
pH 
The pH dependence of arsenic adsorption to metal oxides, for example iron, can be 
explained by both rates of iron corrosion and subsequent formation of corrosion products.  In 
addition to this, the protonation of both adsorbent and adsorbate is also an influence.  Iron 
corrosion increases with decreasing pH as explained by the common ion effect or La Chatelier's 
Principle.  In one study, it was observed that corrosive release of iron was much faster at pH 4 
than compared to that at pH 7 (Bang et. al., 2005b).  Studies have shown that arsenite oxidation 
by O2 occurred faster than arsenate sorption at pH 3, arsenite oxidation and arsenate sorption 
occurred in parallel at pH 5 and 7, but more slowly at pH 7, and arsenite oxidation again occurs 
faster than arsenate sorption at pH 9 (Katsoyiannis et.  al., 2008).  Studies have also shown that, 
in general, removals of arsenate appeared to be greater at lower pH conditions from 6 to 8 (Bang, 
Korfiatis and Meng, 2005).  At low pH formation of ferric oxides is limiting, and at high pH 
oxidation of Fe0 is limiting (Katsoyiannis et al., 2008). 
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Studies looking at the adsorption of arsenic onto AA found that the maximum removal 
for both arsenite and arsenate was attained at pH 7.6 (Singh and Pant, 2004; Kuriakose et al., 
2004). When using initial arsenite concentrations of 0.5 and 1.5 mg/L at pH 7.6, the percent 
removals achieved were found to be 93% and 85%, respectively, by AA (Singh and Pant 2006). 
The study conducted by Singh and Pant (2006) further found that the incorporation of iron oxide 
onto AA significantly increased the percent arsenic removal and adsorption capacity for both 
arsenite and arsenate removal to over 96% and 98%, respectively.  
Eh  
A study by Tanboonchuy et al. (2011) found that maximum arsenic sorption capacities by 
ZVI increased from 59.31 mg/g to 129.3 mg/g, when DO levels were increased in an 
environment where gas was bubbled into the solution during the reaction.  Furthermore, 
pretreatment of the solution using carbon dioxide bubbling followed by bubbling of air provided 
the optimum conditions for arsenate removal.  A study using ZVI filings found the capacity for 
arsenic to be higher in the presence of oxygen, as large amounts of ferric hydroxide precipitates 
were formed (Bang et al., 2005).   
2.2.6 Adsorption Kinetics 
As mentioned in previous sections, arsenic removal rates are affected and dependent on 
many factors, including pH, dissolved oxygen (DO), type of media (ZVI, AA, or a combination 
thereof), water quality and chemistry of the water, contact time, and the intensity of mixing 
(Bang, Korfiatis, and Meng, 2005). These mechanisms also have a hand in the kinetics: it is 
assumed that diffusions through the iron oxides and surface precipitation are slow processes, 
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while it is assumed that surface adsorption to be a fast reaction which reaches equilibrium 
quickly (Nikolaidis et al., 2003).  
Results from a study conducted by Bang et al. (2005) found that arsenate removal by ZVI 
to be faster than arsenite removal under oxic conditions. When the solution was mixed for 9 
hours, it was found that 82.6% of arsenite was removed when the solution was open to the air, 
compared to only 4% arsenite removal when the solution was in anoxic conditions. When 
looking at arsenate removals, the same study found that 99.8% of arsenate was removed under 
oxic conditions, and less than 9% removal of arsenate was removed under anoxic conditions. It 
was also observed that arsenate removals increased when the pH of the solution was more acidic: 
pH of 6 resulted in 99.8% of arsenate removal, a pH of 7 resulted in 55.5% of arsenate removal, 
and a pH of 8 resulted in 2% of arsenate removal. Arsenic removals can also be described by the 
following pseudo-first-order rate expression: 
𝑑𝑑[𝐴𝐴𝐴𝐴]
𝑑𝑑𝑑𝑑
 =−𝑘𝑘[𝐴𝐴𝐴𝐴]        (2.4) 
where [As] is the concentration of arsenic (mg/L), t is time in (hr), and k is the pseudo-first order 
rate constant (hr-1) (Bang et al., 2005), where k accounts for several other factors that could 
influence arsenic adsorption. The arsenate rate constant increased from 0.08 to 0.32 hr-1 when the 
pH was decreased from 7 to 6. At a pH of 6, the rate constant was observed to have increased 
from 0.02 to 0.32 hr-1 when going from anoxic to oxic conditions. This study showed that arsenic 
adsorption kinetics improved under oxic conditions as well as in decreased pH conditions, due to 
the continuous generation of iron corrosion products (Bang, Korfiatis, and Meng, 2005). In a 
study by Su et al. (2001), pseudo first-order reaction kinetics were found to describe removals 
with correlation coefficients (r2) between 0.82 and 0.96. 
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The removal efficiency has been found to be related to surface area or type of iron used 
and was observed to improve with time (Farrell et al., 2001).  The kinetics of arsenic removal by 






       (2.5) 
where C is arsenic concentration (µg/L), t is time (d), k0 is the zero-order rate constant (d-1), and 
k1 is the first order rate constant (d-1). The rate of arsenate removal varied from zero to first order 
kinetics with respect to the arsenate concentration and was found to be dependent on the 
availability of adsorption sites and arsenate concentration (Melitas et al., 2002b). 
Mass transfer is also a contributor in arsenic removal by ZVI and is thought that the rate 
limiting step is diffusion within the oxides. A study by Melitas et al. (2002b) found that arsenate 
removal rates were limited by mass transfer via diffusion through iron corrosion products as well 
as dependent on the continuous generation of iron oxide adsorption sites. When the DO 
concentration in the influent water was increased, corrosion of iron and generation of adsorption 
sites is accelerated; however, this could potentially produce a thicker oxide layer, which would 
result in a greater mass transfer resistance for arsenic removal. Yu et al. (2006) found that arsenic 
removal rates were significantly affected by mixer stirring speeds. After mixing the solution for 
an hour at a speed of 333 rpm, 99% of arsenic removal was observed, compared to only 96.5% 
arsenic removals when mixing the solution for five days at a speed of 5 rpm. Additionally, it 
should be noted that under mixing conditions,  the acceleration of iron corrosions has been 
observed, the corrosion products nucleation and precipitation in the bulk solution is accelerated, 
and the oxide film formation at the ZVI surface is avoided or delayed (Noubactep, 2008); thus, a 
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passivating layer does not form, which would limit the arsenic diffusion of arsenic to the iron 
surface (iron corrosion) or the formation of iron oxides. Therefore, the utilization of iron in 
drinking water treatment should maximize mixing and avoid designs where iron is stationary 
(e.g. sand columns). 
A study by Das, Bodhaditya et al. (2013), both pseudo first- and second-order kinetic 
models were evaluated for arsenic removal by AA. The pseudo first-order equation is as follows: 
log(𝑞𝑞𝑒𝑒 −  𝑞𝑞𝑑𝑑) = log𝑞𝑞𝑒𝑒 −  
𝐾𝐾𝑎𝑎𝑎𝑎
2.303 𝑡𝑡      (2.6) 
where qe is the amount of adsorbate sorbed at equilibrium (mg/g), qt is the amount of adsorbate 
on the surface of the adsorbent at time t (mg/g), K ad is the equilibrium rate constant (min-1). The 









       (2.7) 
where qt is the amount of adsorbate on the surface of the adsorbent at time t (mg/g), h is the 
initial adsorption rate (mg/g min), and qe is the amount of adsorbate sorbed at equilibrium 
(mg/g). It was concluded that the pseudo-second order kinetic model was found to be the best 
correlation of the data for sorption of arsenic on to the activated aluminum media (Das, 
Bodhaditya et al., 2013).  
In a study by Lin and Wu (2001), it was concluded that the adsorption of arsenite and 
arsenate onto AA to be governed by both the surface charge of AA and the form of arsenic 
species in the water. As a result of that, pH is a strong factor in the uptake of both arsenite and 
arsenate by AA. It was found that the uptake of arsenite is much less than that of arsenate for AA 
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in most pH conditions. Under most pH conditions, arsenate is present in negatively ionic form 
and arsenite is in non-ionic form, while the surface of AA is positively charged. Arsenate would 
therefore have stronger interaction with AA surface and have higher uptake. This is an important 
reason to oxidize arsenite before applying AA to remove arsenic.  
2.3 METAL CHEMISTRY 
ZVI and AA chemistry is instrumental in the application of arsenic adsorption 
capabilities. Regarding both AA and ZVI, the aging and oxidation can significantly impact the 
adsorption capabilities for arsenic.  
Water quality conditions, like pH and ORP, directly impacts the iron speciation in a 
solution, as depicted in Figure 2.5. Ferrous species often predominate in reducing environment 
whereas ferric species are predominant in oxidizing environments while ferrous species 
predominate in reducing environment. The levels of dissolved iron in a solution as well as ZVI’s 
arsenic adsorption capabilities are greatly impacted by iron chemistry. The oxidation of soluble 
ferrous iron by dissolved oxygen has been found to be dependent on the solution of pH. It was 






Figure 2.5. Iron species predominance diagram in water at 25°C and 1 bar. 
 In this setting, iron oxidation is referring to the oxidation of soluble ferrous iron species, 
more specifically within this research, oxidation of ZVI. Oxidants that are known to have been 
used to precipitate include chlorine, chlorine dioxide, ozone, hydrogen peroxide, potassium 
permanganate, and oxygen. Uncomplexed Fe2+ is oxidized instantaneously by the addition of 
chorine oxide, ozone, or potassium permanganate to the solution. Hydrogen peroxide and free 
chlorine have also been found to produce rapid oxidation rates for uncomplexed soluble ferrous 
iron. It was noted that the presence of significant concentrations of fulvic and humic acids result 
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on iron complexes, which are relatively resistant to the addition of large amounts of the 
aforementioned oxidants (Knocke et al., 1990) 
A study by Andersen et al. (1973) found that a common characteristic to successful iron 
oxidation by aeration was that the cases contained minimal amounts of dissolved organic matter. 
Both tannic and humic acids have the ability to complex iron and delay oxidation (Hem, 1960; 
Hansen, 1970). Significant concentrations of humic acid and fulvic acid resulted in iron 
complexes which were found to be resistant to additions of large amounts of the previously 
mentioned oxidants. Furthermore, oxidation was found to be inhibited when the temperature of 
the solution was decreased (Knocke et al., 1990). Reaction rates were found to be significantly 
affected by the temperature of the solution; however, it was found that temperatures as low as 2 
to 4°C would not adversely affect operations at water treatment facilities if ample reaction times 
were allowed. 
Under anaerobic conditions, iron oxidation occurs according to Equation [2.8] (Su et al., 
2001). Manning et al. (2002) also found that under anaerobic conditions water molecules are the 
primary oxidant of the ZVI surface: the iron oxidizes, and the hydrogen reduces, which produces 
ferrous iron species, hydroxide ions, and hydrogen gas. These then react with ferrous species to 
form ferrous hydroxides.  
𝐹𝐹𝐹𝐹0 + 2𝐻𝐻2𝑂𝑂 → 𝐹𝐹𝐹𝐹2+ + 𝐻𝐻2 + 2𝑂𝑂𝐻𝐻−     (2.8) 
The initial set of reactions is followed by an intermediate step which results in Fe2+/Fe3+ 
mixed phase reaction products. This process is time dependent and can take place over the course 
of several hours to several days, and results in a gradient of magnetite to maghemite as you move 
away from the ZVI surface (Manning et al., 2002).  
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2.4 PRECOAT FILTRATION SEPARATION PROCESSES  
2.4.1 Precoat Filtration  
 Precoat filtration is a process significantly different than rapid or slow sand filtration 
(Crittenden et al., 2005).  Precoat filtration was developed by the United States Army during 
World War II, to remove a protozoan parasite, Entamoeba histolytica, from drinking water in the 
Pacific war zone. Additionally, precoat filtration was used in the filtration of fruit juices, sugar 
syrups, water, wine, and beer (AWWA, 1995).  During the precoat filtration process, water 
containing foreign particles, such as NOM or parasites, is forced through a uniform layer of 
filtering material (e.g. DE) that has been deposited, also referred to as precoated, on a septum, 
which acts as a permeable support for the media.   
 Although precoat filters are not widely used in drinking water treatment, they are 
accepted by the EPA as a filtration technique for potable water treatment.  Advantages of using 
precoat filtration include no chemical requirements, a lower volume of treated water is required 
for cleaning, a smaller footprint requirement than other filtration options, and the solids are 
easily dewatered (AWWA, 1995).  In 1988, the American Water Works Association (AWWA) 
reported that approximately 170 precoat filtration facilities had been installed and operated since 
1949.  Although the use of precoat filtration in water treatment schemes has evolved primarily as 
a technology for smaller systems that typically serve less than 10,000 people, some systems 
using precoat filtration can range in size from 0.03 to 30 million gallons per day (mgd) (Larson, 
2011). 
 Additionally, precoat filters are most effective when the turbidity of source water is 
moderate to low [i.e. 10 Nephelometric Turbidity Units (NTU) or less]; however, depending on 
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the concentration and the physical characteristics of the solids to be removed, precoat filters are 
still effective with waters containing a higher turbidity. (AWWA, 1995).  
The three stages in the precoat filtration process are the precoat, the filtration, and the 
backwash. (Crittenden et al., 2005). These stages will be broken down and discussed herein. 
Precoat 
In the precoat stage, a precoat layer of filter media is applied uniformly to the entire 
surface of the clean septum of the filter by means of recirculating water from a slurry tank 
through the septum of the filter until all media is deposited and effluent from the filter is clear. 
The filter is applied to an initial thickness of ⅛ to ¼ inches (AWWA, 1995). In doing so, this 
creates an initial filtering surface to trap particles during the beginning of the filtration stage, 
protects the septum from becoming clogged by suspended solids, and facilitates the cleaning of 
the septum during the backwash stage. It is common for the particles of the filter media to be 
smaller than the openings in the septum; therefore, the media must form the precoat by 
“bridging” these openings. The precoat DE filter media achieves this creating a “crowding” 
effect, which is achieved by the precoat slurry concentration of greater than 0.3% by weight, 
with maximum concentrations usually ranging between 10% to 12% by weight (Manville, 1989). 
To uniformly cover the septum to the previously mentioned thickness, the total amount of 
precoat required is 0.15 to 0.2 lbs/ft2 of filter surface area. The precoat tank used to feed the filter 
should be sized to hold a 10% to 12% slurry, in addition to a volume equal to approximately 
125% of the filter and piping. The precoat tank should be mixed with a large blade propeller 
mixer at a speed around 40-60 rpm. The slurry from the precoat tank should be pumped into the 
filter at a rate of 1-2 gpm/ft2 by a pump with rotational speeds of 1,750 rpm or less to ensure that 
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the media is unharmed (AWWA, 1995). The flow rate from the precoat tank to the filter should 
be as such to maintain a differential pressure in the filter of approximately 2 psi, with an upward 
velocity of at least 4.5 ft/min for proper filter aid suspension. The precoat process takes 
approximately 10 to 15 minutes to complete, or until the liquid within the filter shell runs 
relatively clear (Manville, 1989).  
Filtration 
Following the precoat stage, the filter is now ready for the filtration process itself. In this 
stage, raw water pumped into the filter and is applied to the septum and filtration occurs across 
the prepared precoat layer. As the raw water is fed into the filter, additional filter media, or body-
feed, is added to the influent water. The additional body-feed media typically tends to be the 
same media as used in the precoat stage (Crittenden et al., 2005). The body-feed is important 
during this stage, as it maintains the filter cake permeability, reduces clogging of the filter media, 
and continually creates new filtration surfaces. The amount of body-feed added is dependent on 
the solids in the source water and should be determined by pilot testing (Manville, 1989). In 
general, non-deformable solids require a body-feed of 1 mg/L DE per mg/L of suspended solids; 
deformable solids require a body-feed of 10 mg/L DE per mg/L of suspended solids. Similar to 
the precoat, body-feed pumps are designed to handle slurries of less than 10% to 12%, by 
weight, of DE. The body-feed should be mixed in the same manner as the precoat slurry. 
According to AWWA (1995), the body-feed lines should pitch down from the pump discharge to 
the feed line. Furthermore, piping length of more than 1 to 2 feet should be avoided. Typically, 
the filtration rate ranges from 0.5 to 2 gpm/ft2 (Crittenden et al., 2005). The filtration process 
should be continued until the terminal pressure differentials reach 30 to 40 psi, at which point the 




Backwashing the filter is the final stage of the precoat filtration process. It is during this 
stage when the filter cake is removed, and the filter is cleaned. This can be done numerous ways, 
the most common of which is backwashing or sluicing. This occurs when water is passed 
through the septum in reverse or sprayed over the filter of the surface to slough off the built-up 
cake, which produces waste wash-water that becomes part of a residual stream (Crittenden et al., 
2005). This is an extremely important process of the filter process; if the filter is not properly 
cleaned, the septa will bind and not function properly (AWWA, 1995). 
2.4.2 DE Media 
 The most common type of filter media is DE, and therefore, precoat filtration is 
frequently referred to as DE filtration.  DE, or diatomite, is the skeletal remains of single-celled 
plants, or microscopic hard-shelled algae, called diatoms (Manville, 1989). Diatomite is typically 
a soft, white to off-white powdery substance resembling pumice powder or chalk and is 
distinguished by a variety of sizes, creating a range of filter pore diameters, with mean particle 
sizes ranging from 14 to 55 µm, and pore diameters ranging from 3.5 to 17 µm (AWWA, 1995).  
Typically, the cake median pore diameter of the material should be matched to the median 
particle size of the material being removed (AWWA, 1995). Not only is DE readily available and 
relatively inexpensive but is also beneficial to use as a filter media for its highly porous and rigid 
structure. When deposited on a filter septum, the DE forms a non-compressible cake and acts as 
a sieve to remove fine solids. The micropores in the diatoms allow flow through the particle 
while the fine solids are captured between the diatom granules (Bergquist, 2018). 
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2.4.3 Filter Unit 
Precoat filter vessels can be designed either as pressure filters or vacuum, with maximum 
terminal pressures ranging from 30 to 40 pounds per square inch (psi). Precoat filtration rates can 
range from 1 gallon per minute per square foot (gpm/ft2) up to 3 gpm/ft2, for both design 
purposes as well as in full-scale equipment.  Additionally, filter designs can include tubular 
pressure filters, vertical or horizontal filters that utilize stationary/vertical/horizontal/rotating 





 METHODS AND MATERIALS 
3.1 APPLICATION OF DE PRECOAT FILTRATION 
The pilot-scale DE precoat filtration system similar to that which was used by Pepler 
(2009) and Little (2011) was used in this study in an attempt to improve the removals of selected 
dissolved contaminants (arsenic, MS2, and NOM) using different types of media (ZVI, DEAL, 
FEOOH-DEAL).  The experimental design, setup, and procedure utilized for the precoat 
filtration strategy are discussed below. 
3.1.1 Experimental Design 
The experiment was designed to expand upon work performed by Little (2011) in which 
significant arsenic removals were observed in an adsorption system using ZVI, coupled with a 
DE precoat filter.  The experiment performed by Little (2011) is described in more detail in 
Section 1.1. 
 The following study, whose experimental design is shown in Table 3.1, was intended to 
analyze the effect of different media types on removals of different dissolved and microbial 
contaminants.  The runs performed in this experiment were conducted with a solution pH of 7.1 
± 0.1, a contact time of 22 minutes, and using dissolved oxygen as an oxidant. These parameters 
were selected based on results from studies performed by Little (2011), as discussed in Section 
1.1, to maximize the kinetics of arsenic adsorption as well as decreasing the potential iron 
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dissolution.  The effect of ZVI adsorption was analyzed in Runs 2, 4, and 7.  The effect of DEAL 
adsorption was analyzed in Runs 5 and 8.  The effect of FEOOH-DEAL adsorption was analyzed 
in Run 3.  The experiment was not designed as a full factorial experiment and runs were not 
replicated due to access and availability of materials.  Control runs were performed using DE, 
without the addition of ZVI for Quality Assurance/Quality Control (QA/QC) purposes in Runs 1 
and 6.  
The source water used for Runs 1 through 5 was reverse osmosis (RO) water; the source 
water to be used for Runs 6 through 8 was collected from the Oyster River, since that water 
naturally contained NOM. 
Table 3.1.  Pilot study experimental design. 
Run Media (200 mg/L) Targeted Contaminant Source Water 
1 DE MS2  RO 
2 ZVI MS2  RO 
3 FEOOH-DEAL MS2 & As RO 
4 ZVI As RO 
5 DEAL As RO 
6 DE NOM Oyster River 
7 ZVI NOM Oyster River 
8 DEAL NOM Oyster River 
 
3.1.2 Experimental Setup and Procedure 
The experimental set up used was modeled after that used by Pepler (2009) and Little 
(2011).  A schematic of the pilot system can be seen in Figure 3.1.  In total, there were five tanks 
in the system: the Source Water Tank, Dose Tank, Mixing Tank, Bodyfeed Tank, and Precoat 
Tank.  In addition to the tanks, various pumps, tubing, and a Manville-Celite 1-square-foot 




Figure 3.1.  Process diagram for DE precoat filtration. The red arrows represent the flow path/direction of the precoat 
process; the green arrows represent the flow path/direction of the experimental run process. 
 
The first tank in the system was a 500-gallon Source Water Tank.  This can be seen in 
Figure 3.2.  During experimental runs that used RO water, the Source Water Tank was filled by 
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way of running water through a ¼” tubing from the RO faucet on the first floor of the high-bay 
up to the tank located on the mezzanine (both the Source Water Tank and the Dose Tank were 
filled in this fashion).  The tank was filled with approximately 300 gallons of RO water.  During 
the experiments that used Oyster River water, 300 gallons of Oyster River water were collected.  
This was done by going to the Oyster River, located approximately 2.3 miles from Gregg Hall, 
and pumping the water from the river through a 5-micron filter into a 350-gallon storage tank.  
The filled 350-gallon storage tank was then transported back to Gregg Hall and placed on the 
mezzanine. 
To remain consistent with the studies performed by Pepler (2009) and Little (2011), 
background conditions in the Source Water Tank were set at 0.005 M ionic strength and an 
alkalinity of 25 mg/L as CaCO3.  This was achieved by the addition of 332 g of NaCl and 39.1 g 
of Na HCO3.  For runs that required arsenic, the arsenic was prepared by massing 9.46 mg 
sodium arsenate and mixing it with 2 L RO water; when added to the Source Water Tank, this 
achieved a 200 µg/L initial arsenic concentration.  For runs that required MS2, the MS2 was 
prepared at an initial 4-log concentration.  Based on the findings from Little (2011), diffused air 
was selected to be used as the oxidizer. Therefore, air was bubbled into the tank at 5 standard 
cubic feet per hour (scfh) using diffused air through four air diffuser stones with a GST Model 
0523-V4F-G588DX air compressor with a GE Model 5KH36KNA510X, ¼ HP motor, and 
gauged by Key Instruments, 0 to 5 scfh air flow meter.   
The NaCl, Na HCO3, and arsenic solution and/or MS2 solution were added to the Source 
Water Tank approximately 2 hours before the start of a run to allow time for titration of the tank.  
Titration was conducted through manual adjustments of 0.1N NaOH and/or 1N HCl; a peristaltic 
pump was used to extract 500 mL samples through ¼” inner diameter (ID) Neoprene tubing to a 
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clean 600 mL beaker to verify the desired water quality conditions (pH of 7.1 ± 0.1).  This 
configuration was later used as a sampling port during experimental runs.  The solution in the 
tank was continuously mixed using a Simer Model 2905-04, ¼ HP submersible sump pump. 
The outlet from the Source Water Tank was comprised of a 3" polyvinyl chloride (PVC) 
bulkhead, reduction fittings to a 1" ball-valve, and a reducing barb to ¾” ID flexible PVC tubing. 
The solution in the Source Water Tank was allowed to flow by gravity to the next stage in the 
system and gauged with a Dwyer 0 to l gpm flowmeter. 
 
Figure 3.2.  Source Water Tank and sampling port. 
The next tank in the pilot system was the Dose Tank, pictured in Figure 3.3.  The 15-
gallon Dose Tank contained 8-gallons of RO water with the addition of either the ZVI, DE, 
DEAL, or FEOOH-DEAL media, depending on the experimental run conducted to achieve a 200 
mg/L initial concentration:  
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• Runs 1 and 6:  Addition of 235 g of Hyflow DE;  
• Runs 2, 4, and 7: Addition of 235.3 g of ZVI;  
• Run 3: Addition of 235 g of FEOOH-DEAL; and 
• Runs 5 and 8: Addition of 235 g of DEAL. 
The background characteristics of the Dose Tank was equivalent for all trials and set at 
0.005 M ionic strength and an alkalinity of 50 mg/L as CaCO3.  This was achieved by adding 
8.85 g of NaCl and 1.04 g NaHCO3, respectively, to 8 gallons of RO water in the tank.  This 
solution was mixed with a stainless-steel paddle mixer and bubbled with diffused air at 5 scfh 
using the same type diffuser stones, air compressor, and flow meter as in the Source Water Tank.  
The motor on the mixer was an Arrow Engineering Model #850, Serial #VW9912232.  The pH 
(set at 7.1 ± 0.1) and ORP of the solution was monitored and controlled using a Consort R305 
system; the solution was titrated with 0.1N NaOH and 1N HCl.   
Based on previous research (Little, 2011), it was found that ZVI pretreatment had a 
significant impact on the arsenic adsorption kinetics, as well as reducing dissolved iron 
concentrations, since the removal of arsenic is dependent on a continuous generation of sorption 
sites generated by the corrosion of iron (see Sections 1.1, 2.2.4, and 2.2.5 for more information). 
Therefore, a pretreatment time of 24-hours was selected for runs using ZVI (Runs 2, 4, and 7). 
Pretreatment was achieved by preparing the Dose Tank, as described above, 24-hours prior to the 
start of an experimental run and allowing the solution to be bubbled and mixed for that amount 
of time. 
The outlet from the Dose Tank was equipped with a ½” PVC bulkhead and ball valve 
with a reducing barb to ¼” ID Masterflex 06404-17 Neoprene tubing. The solution from the 
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Dose Tank was pumped into the system by a Cole-Palmer, Masterflex L/S Economy Drive 
Model 7554-90, 20 to 600 rpm peristaltic pump with an Easy-load II Model 77-200-50 pump 
head. 
 
Figure 3.3.  Dose tank, pH stat, and data collection set-up. 
The water flowed from the Source Water Tank by opening the 1” PVC ball valve and 
allowing the water to flow by gravity at 1 gallon per minute (gpm) through ¾” ID flexible PVC 
tubing.  This was monitored by a Dwyer 0 to 1 gpm, flow meter.  The ½” PVC ball valve on the 
Dose Tank was opened and the peristaltic pump pumped the solution out at 100 mL/min through 
¼” ID Masterflex 06404-17 Neoprene tubing.  This ensured a ZVI dose of 200 mg/L.  The pump 
was a Cole-Palmer, Masterflex L/S Economy Drive Model 7554-20, 20 to 600 rpm peristaltic 
pump with an Easy-load II Model 77-200-50 pump head.  The combined water passed through a 
¾” PVC wye-joint that fed into a Koflo ¾” diameter, 9” long, static mixer.  The joint, static 




Figure 3.4.  Mixing junction from the Source Water Tank and the Dose Tank (Little, 2011). 
From the junction, the water flowed through ¾” flexible PVC tubing down into the 100-
gallon Mixing Tank.  The Mixing Tank can be seen in Figure 3.5.  The tank was raised 4 feet off 
the ground on a stainless-steel table.  To achieve the selected 22 minutes of contact time within 
the Mixing Tank on all experimental runs, the Mixing Tank was filled with 20 gallons of 
solution from the Source Water and Dose Tanks.  It was mixed with a Dayton Model 27845A, 
1/3 HP motor and stainless-steel paddle mixer.  The mixer was regulated using a Superior 
Electric Co.  Type 116 Powerstat with a voltage output ranging from 0 to 140 volts.  It was set to 




Figure 3.5.  Mixing Tank. 
The next tank in line was the 6-gallon Bodyfeed Tank.  Shown in Figure 3.6, the tank is 
filled with 5 gallons of RO water.  For all experimental runs, with the exception of Run 8(a), 
Hyflow DE was added to this tank at a quantity of 11.3 g of DE per L, which is equivalent to 214 
g of media, or 1.13 percent by weight.  During Run 8(a), a ratio of 2:1 DEALunsieved to regular 
Hyflow DE was used.  This was equivalent to 200 g of DEALunsieved and 100 g of Hyflow DE.   
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This was specified by Argonide Corporation and represented what would have been in 
the Dose Tank as well as the Bodyfeed Tank.  The bodyfeed solution was dosed into the system 
by a Cole-Palmer, Masterflex L/S Economy Drive Model 7554-80, 7 to 200 rpm peristaltic pump 
with an Easy-load II Model 77200-60 pump head through ¼” ID Masterflex 06404-17 Neoprene 
tubing.  This solution was mixed with stainless steel paddle mixer with Arrow Engineering 
Model #1750, Serial #VW0003108, and at a speed between 40 rpm and 60 rpm.  The Bodyfeed 
Tank was connected to the Feed Pump by a ¼” ID braided flexible PVC tubing.  The Bodyfeed 
Tank was located on the same table as the Mixing Tank. 
 
Figure 3.6.  Body Feed Tank and pump. 
 The final tank used as part of the system was the 5-gallon Precoat Tank, which can be 
seen in Figure 3.7.  This tank was filled with 5 gallons of RO water, and is located 4 feet off the 
ground on the same table as the Mixing and Bodyfeed Tanks.  A mass of 0.2 lbs of Hyflow DE 
was added to the tank prior to the start of an experimental run.  The solution was mixed with the 
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same paddle mixer as the Bodyfeed Tank.  The tank was furnished with an outlet port that went 
to the Feed Pump, and an inlet port that fed the water from the Precoat Filter to recycle it back to 
the Precoat Tank.  The tubing running from the tank to and from the tank was ¼” ID braided 
flexible PVC tubing, controlled by a ½” PVC ball valve.  The setup can be seen in Figure 3.7.   
 
Figure 3.7.  Precoat Tank. 
The Feed Pump, seen in Figure 3.8, consisted of an outlet valve, which connected to the 
Precoat Filter, and three inlet valves; one connected to the Bodyfeed Tank, one connected to the 
Mixing Tank, and one connected to the Precoat Tank.  The Feed Pump was a centrifugal pump 
powered by a Dayton Model 2Z846A, 3/4HP variable speed (0 to 2,500 rpm) pump, regulated by 
a Dayton rheostat.  The tubing from the outlet of the pump to the Precoat Filter was a 3A" ID 




Figure 3.8.  Setup of the Feed Pump. 
The Manville, Celite 1-square foot Precoat Filter was the final stage in the pilot system 
and can be seen in Figure 3.9.  There were two pressure gauges on the filter: a 0 to 100 psi 
pressure gauge used to monitor the pressure of the backwash line; and a Weksler Instruments, 0 
to 60 psig, gauge used to monitor the pressure inside the Precoat Filter.  The main influent line 
was located at the bottom of the filter and split into the inlet for the filter and into the backwash 
for the filter.  A Blue-White, 0 to 5gpm water, flowmeter was used to monitor the flowrate 
throughout the filter.  The effluent of the filter, located towards the top, branched off to the 




Figure 3.9.  Precoat Filter. 
A breakdown of the tank components and parameters for each of the different experimental runs 
can be seen in Table 3.2.   
The experimental runs were designed to run for 4 hours, during which sampling and 
monitoring of the system occurred, and will be discussed in the following section. Once the 
experimental run was finished, the precoat filter was cleaned by closing the main influent valve 
and opening the backwash valve. At this time, the effluent valve was closed, and the filter drain 
valve was opened. The precoat filter septum was rotated while being sluiced with RO water and 
drained into a 5 gallon bucket for collection of the DE filter cake. The precoat filter septum and 
housing were cleaned by sluicing and flushing with RO water. All tanks were disconnected and 
cleaned thoroughly to remove all visible amended DE and/or ZVI and iron corrosion products, 
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the Source Water Tank and all piping were flushed with RO water, and all mixers were cleaned 
and wiped down after each run. Due to the buildup of DE, amended DE, and iron, the filter was 
also disassembled and cleaned after each run.  
Table 3.2.  Experimental run parameters. 
Run Run Description 
Source Water 
Tank Dose Tank  Bodyfeed Tank 
Pre-coat 
Tank 
1 MS2 + DE 300 gal RO +  4-log MS2 
235 g DE +  
8 gal RO 
214 g DE1 + 5 gal 
RO  
90.7 g DE + 
5 gal RO 
2 MS2 + ZVI  300 gal RO +  4-log MS2 
235.3 g ZVI +  
8 gal RO 
214 g DE + 5 gal 
RO 
90.7 g DE + 
5 gal RO 
3 
As + MS2 + 
FEOOH-
DEAL 
300 gal RO +  
200 μg/L Arsenic + 
4-log MS2 
235 g FEOOH-
DEAL + 8 gal 
RO 
214 g DE + 5 gal 
RO 
90.7 g DE + 
5 gal RO 
4 As + ZVI 300 gal RO +  200 μg/L Arsenic 
235.3 g ZVI +  
8 gal RO 
214 g DE + 5 gal 
RO 
90.7 g DE + 
5 gal RO 
5 As + DEAL 300 gal RO +  200 μg/L Arsenic 
235 g DEAL +  
8 gal RO 
214 g DE + 5 gal 
RO 
90.7 g DE + 
5 gal RO 
6 NOM + DE  300 gal Oyster River 235 g DE +  8 gal RO 
214 g DE + 5 gal 
RO 
90.7 g DE + 
5 gal RO 
7 NOM + ZVI 300 gal Oyster River  235.3 g ZVI +  8 gal RO 
214 g DE + 5 gal 
RO 
90.7 g DE + 
5 gal RO 
8 NOM + DEAL(sieved)  
300 gal Oyster River  235 g DEAL +  8 gal RO 
214 g DE + 5 gal 
RO 
90.7 g DE + 
5 gal RO 
8(a)2 NOM + DEAL(unsieved)  
300 gal Oyster River --- 
200 g DEALunsieved 
+ 100 g DE3 + 5 
gal RO 
90.7 g DE + 
5 gal RO 
4(a)4 As + ZVI 300 gal RO +  1,000 μg/L Arsenic 
235.3 g ZVI +  
8 gal RO 214 g DE
 90.7 g DE + 
5 gal RO 
 
1. Concentration of DE inside the Bodyfeed Tank was dosed into the experimental run at a rate of 1 mg/L DE 
per 1 mg/L of material from the Dose Tank. 
2. Run 8(a) was not carried out to completion and is described in greater detail in CHAPTER 4. 
3. Specified by Argonide Corporation 
4. Run 4(a) was conducted to evaluate the potential adsorption capacity of ZVI. 
 
The four different types of media used are presented in Figure 3.10.  These materials 
were introduced to the pilot system through the Dose Tank. The ZVI used in the experiment was 
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approximately 40 mesh (420 um) fine, degreased, iron metal filings from Fisher Scientific (Cat. 
No. S93268), purchased in quantities of 500 g. The ZVI used in the experiment was the same as 
that used by Pepler (2009) and Little (2011) so that results could be compared to results from 
previous studies. The DEAL and FEOOH-DEAL media was supplied by Argonide Corporation, 
obtained in quantities of 1,000 g and 500 g, respectively.  
 
Figure 3.10.  (a) Raw iron media, prior to ZVI pretreatment.  (b) Hyflow DE media.  (c) DEAL media.  (d) FEOOH-
DEAL media. 
 
For particle size distribution for DE, DEAL, and FEOOH-DEAL, refer to Figure 4.2. For 






Figure 3.11. Particle size distribution for ZVI pretreated for 15 hours (Little, 2011).  
 
A sieve analysis was conducted on the DE received from the Argonide Co.  and Hyflow 
DE.  The sieve analysis used sieve numbers 70, 100, 140, 170, 230, 325, and 400; mesh spacing 
was equivalent to 200 μm, 150 μm, 106 μm, 88 μm, 63 μm, 44 μm, and 38 μm, respectively. An 
image of the shaker and pans used can be seen in Figure 4.3. 
 




3.1.3 Sampling and Monitoring 
The sampling protocol was meant to mimic that of Little’s research (2011).  Samples 
were taken from the Source Water Tank, the Dose Tank, and the Precoat Filter Effluent every ½ 
hour from the start of the experimental run for the water quality measurements pH, ORP, and 
temperature.  pH and ORP measurements were taken in duplicate, and the averages were 
recorded. 
ORP and pH readings were also taken from the Dose Tank using the Consort R305 setup, 
seen in Figure 3.3.  These readings were taken continuously throughout the ZVI pretreatment 
process as well as during the experimental run. 
The Precoat Filter pressure was also monitored.  Readings from the pressure gauge were 
taken every 15 minutes.  This was done to monitor the headloss throughout the system and 
ensure the wellbeing of the Precoat Filter.  If the pressure ever got above 25 psi, the experimental 
run was stopped, and the Filter released of pressure and cleaned. 
 Duplicate turbidity measurements were taken from the Mixing Tank and the Precoat 
Filter Effluent every ½ hour and the averages were recorded. 
Total and dissolved metal samples were taken from the Source Water Tank, the Dose 
Tank, and the Precoat Filter Effluent.  All aqueous metals samples were placed in bottles 
provided by Eastern Analytical, Inc (EAI).  These samples were then sent to be analyzed by EAI.  
The dissolved arsenic samples were taken from the Source Water Tank at 0, 120, and 240 
minutes after the start of the experiment.  Dissolved arsenic and dissolved iron samples were 
taken from the Precoat Filter Effluent at 30, 60, 90, 120, 180, and 240 minutes after the start of 
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the experiment.  Total iron samples were taken from the Precoat Filter Effluent at 60, 120, and 
240 minutes after the start of the experiment.  All dissolved metals samples were filtered through 
0.22 μm filters into the sample bottles.  The total metals samples were placed directly into the 
sample bottles.  A list of the time, location, and analysis of the samples sent to EAI can be seen 
in Table 3.3.    
Table 3.3.  Outline of the metal samples sent to EAI. 





Source Water Tank (Background) 0.00 [As] 
DE Filter Effluent (Background) 0.00 [As], [Fe] 
Source Water Tank 0 (initial) 0.00 [As] 
ZVI Dose Tank 0 (initial) 0.00 [Fe] 
DE Filter Effluent 30 1.22 [As], [Fe] 
DE Filter Effluent 60 (Duplicate) 2.44 [As], [Fe] 
DE Filter Effluent 60 (Duplicate) 2.44 [As], [Fe] 
DE Filter Effluent 60 2.44 Total Iron 
DE Filter Effluent 90 3.67 [As], [Fe] 
Source Water Tank 120 4.89 [As] 
DE Filter Effluent 120 4.89 [As], [Fe] 
DE Filter Effluent 120 4.89 Total Iron 
DE Filter Effluent 180 7.33 [As], [Fe] 
Source Water Tank 240 9.78 [As] 
ZVI Dose Tank 240 9.78 [Fe] 
DE Filter Effluent 240 9.78 [As], [Fe] 
DE Filter Effluent 240 9.78 Total Iron 
Blank.  RO Water -- 0.00 [As], [Fe] 
Standard 0.05 mg/L [As], 0.25 mg/L Fe] 0.00 [As], [Fe] 
 
NOTES: Dissolved metals analysis denoted by [As] or [Fe]. 
In addition to this, runs that used Oyster River water were sampled for total organic 
carbon (TOC), dissolved organic carbon (DOC), and ultraviolet absorbance at 254 nm (UV Abs 
or UV254).  The TOC, DOC, and UV Abs parameters were used to monitor levels of organic 
compounds present in the samples.  Duplicate background samples were taken from the Source 
Water Tank prior to the start of the experimental run and analyzed for TOC; the averages were 
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recorded. Samples were taken from Source Water Tank, Mixing Tank, and the Filter Effluent 
every ½ hour: DOC samples were taken in duplicate and filtered through a 0.45 µm filter, and 
the averages were recorded; UV Abs samples were taken in duplicate, and the averages were 
recorded.  Additionally, duplicate background turbidity samples were taken from the Source 
Water Tank and the averages were recorded. 
Figure 3.11 shows the Sievers TOC analyzer and the Hach UV Abs analyzer that were 
used to analyze the samples. The UV Abs parameter was measured by shining ultraviolet light at 
254 nanometers through a quartz cell that contained the representative water sample.   
  
Figure 3.13.  The Sievers TOC analyzer (left) and the Hach UV Abs analyzer (right). 
Experiments that were spiked with MS2 were sampled at the Source Water Tank and the 
Filter Effluent.  Source Water samples were taken at the start and end of the experimental run.  
Precoat Filter Effluent samples were taken at 60, 120, 180, and 240 minutes after the start of the 
trial.  They were placed in 100 milliliter sterile dilution bottles and sent to the Gregg Hall Lab in 
Room 347 for analysis, conducted by NE-WTTAC staff. 
All data recorded and analyzed can be found in Appendix B and C.    
Quay, 57 
 
3.1.4 Analytical Techniques 
 The iron and arsenic samples that were analyzed by EAI were done so using the EPA 
Method 200.8.  EAI detection limits for iron and arsenic that were used for this project were 0.01 
mg/L and 0.0005 mg/L, respectively.  Standard Operation Procedures (SOPs) were used for 
taking pH, ORP, and turbidity.  SOPs were also used to convert the ORP data to the standard 
hydrogen electrode potential, Eh.  The SOPs can be found in Appendix A.   
3.1.5 QA/QC Actions 
 Quality assurance/quality control (QA/QC) measures were taken to preserve the quality 
of, and confidence in, the data.  Before the start of an experimental run, background 
measurements were taken to make sure that there wasn’t any contamination from a previous run.  
Results from this can be found in Appendix B and show that arsenic and iron concentrations 
were below detection limits.  Prior to taking pH and ORP measurements, all probes were 
calibrated according to the SOPs.  Duplicate measurements were taken for all manual pH and 
ORP, and the averages were recorded.  Turbidity measurements were taken in duplicate, and the 
averages recorded.  TOC and DOC measurements were taken in duplicate, the averages 
recorded. UV measurements were taken in duplicate, and the averages recorded.  
For the samples that were sent out for analysis at EAI, precautions were taken to 
minimize, and lessen, lab error.  Sample duplicates were taken for iron and arsenic 
measurements to determine analytical precision, as well as submitting blanks and standards.  The 
blanks were RO, while the standards that were created were made at 0.25 mg/L iron and 0.05 
mg/L arsenic.   
Quay, 58 
 
QA/QC measures were also taken at the EAI lab.  EAI is accredited in accordance with 
the National Environmental Laboratory Accreditation Conference (NELAC) standards.  Annual 
on-site inspections were also done of the facility by the New Hampshire Department of 
Environmental Services (NHDES) to inspect and evaluate it.  The outcome of this is used by 
non-NH State agencies to grant approval, while successful analysis of blind performance 
evaluation (EPA PE Studies) samples is also required for state approval.  On a semiannual basis, 
samples are submitted to EAI from the EPA for drinking/wastewater assessment.  To test for the 
iron and arsenic concentrations in the samples, EAI used Method 200.8. 
3.2 ISOTHERM STUDY 
 Bench-scale work with ZVI media was used in this study in an attempt to evaluate the 
adsorption capacity of ZVI in an arsenic contaminated scenario.  The experimental design, setup, 
and procedure utilized for the bench-scale work are discussed below. 
3.2.1 Experimental Design 
 The following study, whose experimental design is shown in Table 3.4, was intended to 
analyze the adsorption capacity of ZVI in an arsenic adsorption scheme.  The runs performed in 
this experiment were at a solution pH of 7.1 ± 0.1 (to address the concern of iron dissolution), a 
contact time of 60 minutes, a set arsenic concentration, and dissolved oxygen used as an oxidant.  
Different ZVI doses were used in each jar to establish the overall Freundlich adsorption 





Table 3.4.  Isotherm experimental design to analyze the adsorption capacity. 






Time, min Oxidation Mixing Rate 
1 1 L RO  50 2,000 60 DO Low – Medium 
2 1 L RO 200 2,000 60 DO Low – Medium 
3 1 L RO 200 2,000 60 DO Low – Medium 
4 1 L RO 400 2,000 60 DO Low – Medium 
5 1 L RO 600 2,000 60 DO Low – Medium 
 
3.2.2 Experimental Setup 
A schematic of the bench-scale isotherm system can be seen in Figure 3.12.  There are six 
jars in the system in total, consisting of the Jars 1 through 5.  In addition to the tanks, various 
mixers and water quality meters were used.  The bench-scale system was set up in room 347 of 
Gregg Hall at UNH.   
 
Figure 3.14.  Simple schematic of bench-scale isotherm experiment. 
 All jars were filled with one liter of solution, and had a background characteristics similar 
to experiments discussed in Section 3.1.2.  This was set at 0.005 M ionic strength and an 
alkalinity of 50 mg/L as CaCO3.  All jars were mixed at the same time, and at the same rate using 
a six-blade Phipps & BirdTM automatic mixer.  Refer to Figure 3.13 for a reference of the mixer 




Figure 3.15.  One-liter jar (left) and automatic mixer (right). 
 The pretreatment of the ZVI for this experiment is related to that in Section 3.1.2, since 
the ZVI used in this experiment was extracted from an existing pilot-scale experiment.  Refer to 
Section 3.1.2 for the pretreatment and preparation process of ZVI.   
 All water quality conditions in each jar were calculated to be identical, in regard to initial 
arsenic concentration (2,000 µg/L), oxidation type (DO), 0.005 M ionic strength, and an 
alkalinity of 50 mg/L as CaCO3.  The jars differed in the ZVI doses.  Refer to Table 3.4 for a list 
of the arsenic doses in each jar.   
3.2.3 Experimental Procedure 
The jars and solutions were prepared first.  This started with the preparation of the ZVI.  
Refer to Section 3.1.2 for the pretreatment and preparation process of ZVI.  This solution was 
calculated to have a ZVI concentration of 7760.05 mg/L, and thus 6.4 mL was added to Jar 1, 
25.7 mL was added to Jars 2 and 3, 51.5 mL was added to Jar 4, and 77.3 mL was added to Jar 5.  
All probes were calibrated before the start of every run. 
The arsenic was prepared in the Gregg Hall Room 347 lab.  A stock solution was created 
to dose each jar.  This is done by massing 2.439 g sodium arsenate and mixing it with 1 L RO 
water.  Each jar was then dosed with 2 mL of this stock, resulting in a 2 mg/L arsenic 
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concentration, and allowed to mix.  Each jar was filled with RO water so that there was a total of 
1 L of solution in each jar.  Manual titration of each jar was conducted through the addition of 
0.1N NaOH and 1N HCl, accordingly.  This was done until the pH in the tank reached 7.1 ± 0.1.  
Next, the six jars were prepared.  A background of 0.005 M ionic strength and an alkalinity of 25 
mg/L as CaCO3 were achieved by the addition of 0.29 g of NaCl and 0.034 g of Na HCO3 to 
each jar.   
The ZVI was then introduced to each of the jars at the same time.  This marked the start 
of the experiment.  Based on recommendations by Dr. Collins, samples were collected at 60 
minutes, which signified the end of the experiment.   
3.2.4 Sampling and Monitoring 
The sampling protocol was meant to establish the final arsenic conditions in each 
experiment, in conjunction with monitoring the water quality conditions through the duration of 
the experiment.  Samples were taken from Jars 1 through 5 at the start and end of the 
experimental run for the water quality measurements pH, ORP, and temperature.   
Total and dissolved metal samples were taken from Jars 1 through 5 at the end of the 
experimental run.  All aqueous metals samples were placed in bottles provided by EAI.  These 
samples were also analyzed by EAI.  All dissolved metals samples were filtered through 0.22 μm 
filters into the sample bottles.  Dissolved arsenic and iron samples were taken from Jars 1 
through 5, 60 minutes after the start of the experiment.  All data recorded and analyzed can be 
found in Appendix E.    
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3.2.5 Analytical Techniques 
 EAI analytical techniques and SOPs are identical to those in Section 3.1.4.  Refer to 
Section 3.1.4 for details. 
3.2.6 QA/QC Actions 
 EAI and laboratory QA/QC procedures are identical to those in Section 3.1.5.  Refer to 
Section 3.1.5 for details. 
3.3 LEACH TEST 
 Bench-scale work with arsenic-adsorbed media was used in this study in an attempt to 
evaluate the impacts of pH on the ability for arsenic to leach from the sorption media using 
different types of media (DEAL and FEOOH-DEAL).  The experimental design, setup, and 
procedure utilized for the bench-scale work are discussed below. 
3.3.1 Experimental Design 
 The following study, whose experimental design is shown in Table 3.5 was intended to 
analyze the effect of pH on the leaching capability from arsenic that had previously been 
adsorbed to a particular media.  Runs 1 – 4 used 40 mL of spent media collected from the “As + 
DEAL” experimental run and Runs 5 – 8 used 40 mL of spent media collected from the “As + 
MS2 + FEOOH-DEAL” experimental run. It was calculated that 40 mL of spend media was 
approximately equivalent to 19.12 g of dry media. Each run had a contact time of 30 minutes, 
used dissolved oxygen as an oxidant, and had an initial arsenic concentration of 200 µg/L.  
Ambient pHs (un-titrated) were used for Runs 1 and 5, a pH of 6 was used in 2 and 6, a pH of 5 
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was used in Runs 3 and 7, and a pH of 4 was used in Runs 4 and 8.  The experiment was not 
designed as a full factorial experiment and runs were not replicated. 
Table 3.5.  Leach test experimental design. 













Medium 2 L RO 200 µg/L 
Ambient 












NOTES: 40mL of wet media was approximately equivalent to 19.12 g of dry media. 
 
3.3.2 Experimental Setup 
A simple schematic of bench scale experimental set-up for the leach test experiments can 
be seen in Figure 3.14.  One jar was used for Runs 1 through 4, and another jar was used for 
Runs 5 through 8.  In addition to the jar, various pumps, tubing, and pH meters were used to 
monitor and alter the conditions within the jar.  The pH solution is controlled and monitored 
using a Consort R305 system.  The solution should be titrated with 0.1N NaOH and 1N HCl.  




Figure 3.16.  Simple schematic of bench-scale leach test experiment. 
 Samples containing 40 mL of media were collected from the septum of the Precoat Filter 
at the end of the DEAL experimental run and the FEOOH-DEAL experimental run.  These 
samples were refrigerated until time for the experiment.   
 The background characteristics of the solution in the jar were set at 0.005 M ionic 
strength and an alkalinity of 50 mg/L as CaCO3. 
3.3.3 Experimental Procedure 
The solution in the jar was prepared first.  This was done by adding 2 L of RO to the jar 
and achieving a background of 0.005 M ionic strength and an alkalinity of 25 mg/L as CaCO3 
were accomplished by the addition of 0.58 g of NaCl and 0.068 g of Na HCO3.  Runs 1 and 5 
required no titration, since they were taken at an ambient pH.  The pH of the remaining 
experimental runs, however, is controlled and monitored to the predetermined pH using a 
Consort R305 system.  The solution should be titrated with 0.1N NaOH and 1N HCl.    
The arsenic contaminated media was then introduced to the jar.  This marked the start of 
the experiment.  Samples for “ambient pH” were collected at 30 minutes.  The pH was then 
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dropped to a pH of 6.  This was allowed to mix for 30 minutes, at which time samples were 
collected.  The pH was then dropped to a pH of 5.  This was allowed to mix for 30 minutes, at 
which time samples were collected.  The pH was then dropped to a pH of 4.  This was allowed to 
mix for 30 minutes, at which time samples were collected.   
3.3.4 Sampling and Monitoring 
The sampling protocol was meant to establish the final arsenic conditions in each 
experiment, in conjunction with monitoring the water quality conditions through the duration of 
the experiment.  ORP and pH readings were taken using the Consort R305 setup (Figure 3.3). 
Dissolved metal samples were taken from the jar at the end of the experimental run.  All 
aqueous metals samples were placed in bottles provided by EAI.  These samples were also 
analyzed by EAI.  All dissolved metals samples were filtered through 0.22 μm filters into the 
sample bottles.  Dissolved arsenic samples were taken 30 minutes after the start of the 
experiment.  All data recorded and analyzed can be found in Appendix D.    
3.3.5 Analytical Techniques 
 EAI analytical techniques and SOPs are identical to those in Section 3.1.4.  Refer to 
Section 3.1.4 for details. 
3.3.6 QA/QC Actions 
 EAI and laboratory QA/QC procedures are identical to those in Section 3.1.5.  Refer to 





 RESULTS AND DISCUSSION 
 The subsequent sections will present the results and discussion from the experiments 
explained in Chapter 3.  The experiments included the following pilot-scale work; assessing the 
removal of NOM in a precoat filtration system (4.1), assessing the removal of MS2 in a precoat 
filtration system (4.2), assessing the removal of arsenic in a precoat filtration system (4.3), 
assessing the water quality conditions of the system (4.4), and assessing the batch-scale work 
assessing the ZVI Adsorption capacity (4.6).  All experimental data can be found in Appendix B 
through Appendix E. 
4.1 EVALUATING NOM REMOVALS 
The objectives for this part of the study were to enhance the removal NOM in a pilot-
scale, DE precoat filtration scheme using ZVI, DEAL, or FEOOH-DEAL as an adsorptive 
media.  It was important to minimizing headloss throughout the system.  These results are 
presented in the subsequent sections, and further discussion will be done in CHAPTER 5. 
4.1.1 Sieve Analysis 
When conducting experiments to remove NOM, three different adsorptive media were 
used: DE, DEAL, and ZVI.  The runs containing ZVI and DE maintained a filter pressure of 
below 5 psi.  When the run containing DEAL was performed, the pressure in the filter reached 
25 psi and the experiment had to be shut down, as to not harm the filter.  The pressure readings 
from the precoat filter can be seen in Figure 4.1.  This shows that the pressure in the filter for the 
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run containing the raw material received from Argonide Co.  (NOM + DEALunsieved) reaching 25 
psi, at which point the run was stopped.  This increase in pressure was due to the material being 
much finer than the regular Hyflow DE.  A sieve analysis was conducted on the DE received 
from the Argonide Co.  and Hyflow DE, and the results are presented in Figure 4.2.   
 




Figure 4.2.  Sieve analysis of the regular Hyflow DE media, and the two proprietary media received from Argonide 
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The sieve analysis was conducted using sieve numbers 70, 100, 140, 170, 230, 325, and 
400.  This was equivalent to 200 μm, 150 μm, 106 μm, 88 μm, 63 μm, 44 μm, and 38 μm, 
respectively.   
It was decided that the material received from Argonide Co.  would be sieved and that 
which remained on the #140 sieve, 106 microns would be used for experimentation.  This 
alleviated the pressure issue, as seen in Figure 4.1; all material received from Argonide Co. was 
treated in this fashion. 
4.1.2 UV Abs Analysis 
Figure 4.4 presents the percent removed UV Abs from each of the runs using Oyster 
River water.  Samples from the Source Water Tank and the Precoat Filter Effluent were collected 
and analyzed for UV Abs; this data was used to calculate the percent UV Abs removed.  
 
Figure 4.3.  Percent UV Abs removed over an experimental run.  The influent UV Abs for the NOM Control Run was 
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 Data showed that overall, the average overall percent UV Abs removed produced by the 
DEALunsieved and the DEALsieved media were found to be 18% and 20% respectively. There are 
many possibilities for why the media produced, one of which may be he potential amount of 
active sites and accessible surface area/pores on the adsorbent (i.e. if the smaller particles do not 
having sufficient charged sites and accessible pores it can result in lower adsorption capacity). 
The smaller the particle means that the size/availability of pore sites is less compared to larger 
particles of the same material. 
However, sieving the DEAL material is a viable option for minimizing headloss within 
the precoat filter, while producing UV Abs removal rates of approximately 20%.  The ZVI 
produced about 6% removal, while the regular Hyflow DE produced less than 5% removal.   
The inconsistent and gradual increase of percent UV Abs removed achieved by the 
unsieved DEAL media could be attributed to the fact that during this run, the DEAL media was 
introduced to the system in the Bodyfeed Tank rather than the Dose Tank, as specified by 
Argonide Corporation (see Section 3.1.2). This meant that the contact time with the media would 
have been reduced to time the solution was within the precoat filter. As the experimental run 
progressed, the filter cake on the septum would continuously build up with the addition of the 
media through the Bodyfeed Tank, thus increasing the contact time of the solution  with the 
DEAL media allowing for increasing removal rates. This phenomenon was not observed during 
the sieved DEAL experimental run since the addition of the sieved DEAL media was introduced 
into the system via the Dose Tank, resulting in a higher contact time and steadier observed 
removal rates.    
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4.1.3 DOC Analysis 
Along with taking measurements for UV Abs, samples were taken to measure the total 
organic carbon in the system.  Figure 4.5 shows the percent DOC removed.  These results were 
obtained by taking measurements from the Source Water Tank and the Precoat Filter Effluent. 
TOC measurements were also taken from the Source Water Tank, and it was found that on all 
NOM experimental runs, over 94% (0.09 mg/L) of the measured TOC was attributed to DOC.  
Similar to the percent UV Abs removed results recorded in the previous section, the 
sieved DEAL media produced higher DOC removal rates compared to the unsieved DEAL 
media at approximately 17% and 15%, respectively. As mentioned in the previous section, the 
smaller particles of the unsieved media could potentially mean that the size/availability of pore 
sites would be fewer compared to larger, or sieved, particles of the same material.  The ZVI 
produced the second highest removal rates, approximately 7%; and the Hyflow DE produced 
than 4% UV Abs removal. 
 
Figure 4.4.  Percent DOC removed over an experimental run.  The influent DOC concentration for the NOM Control Run 
was 6.58 mg/L, 5.94 mg/L for the NOM + ZVI Run, 6.75 mg/L for the NOM + DEALsieved Run, and 6.37 mg/L for the 
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Much like the inconsistent and gradual increase of percent UV Abs removed achieved by 
the unsieved DEAL media  presented in Section 4.1.2, a similar pattern was also observed 
regarding percent DOC removals. The varying percent DOC removals by unsieved DEAL media 
observed could be attributed to the fact the DEAL media was introduced to the system in the 
Bodyfeed Tank rather than the Dose Tank during this experimental run. This was specified by 
Argonide Corporation and not repeated in any additional run. It is thought that in introducing the 
adsorptive media in this fashion, the contact time with the media would have been reduced 
therefore affecting the adsorption kinetics. As the experimental run progressed, the filter cake on 
the septum would continuously build up with the addition of the media through the Bodyfeed 
Tank, thus increasing the contact time of the solution with the DEAL media. This would 
therefore increase the removal rates with  a longer contact time. It is important to note that the 
sieved DEAL media comparably produced much more consistent and steady percent DOC 
removal rates, this during this run the sieved DEAL media was introduced into the system via the 
Dose Tank rather than the Bodyfeed Tank.    
Figure 4.6 presents a linear correlation graph between DOC and UV Abs. Typically, UV 
absorbance can used as a proxy for DOC concentrations in waters. However, contrary to 
previous studies and literature, the UV Abs and DOC data in this study were found to be only 




Figure 4.5.  Correlation plot for UV Abs and DOC measured during the NOM Runs. 
 
Average influent water quality parameters from each of the NOM experimental runs is 
summarized in Table 4.1. Raw data is also presented in Appendix B.  
Table 4.1. Average influent characteristics of the Source Water (Oyster River). 









NOM + Hyflow DE Control 6.45 6.65 6.58 0.258 27 
NOM + ZVI 6.88 5.98 5.94 0.230 26 
NOM + DEAL(sieved) 6.81 6.9 6.75 0.230 21 
NOM + DEAL(unsieved) 6.84 6.9 6.37 0.265 27 
 
4.2 EVALUATING MS2 REMOVALS 
The objectives for this part of the study were to enhance the removal of MS2 in a pilot-
scale, DE precoat filtration scheme using ZVI, DEAL, or FEOOH-DEAL as an adsorptive 
media.  These results will be presented in the following section, and further discussion will be 
done in Chapter 5.   




















 Three different runs were conducted to observe the removals of MS2 using different 
adsorptive material.  Table 4.1 and Figure 4.7 show the results from these experiments. MS2 
counts are measured in plaque-forming unit per milliliter (PFU/mL).  
Table 4.2. Source Water Tank and Precoat Filter Effluent MS2 data from Run 1 (MS2 + Hyflow DE), Run 2 (MS2 + 
ZVI), and Run 3 (MS2 + As + FEOOH-DEAL). Counts observed to be TFTC were recorded as “0”.  




































4.89 14,000 7 TFTC 
7.33 40,000 8 6 
9.78 56,000 86 12 
 
Initial removal rates during the control run were observed to be approximately 84%; 
while final removal rates were observed to be approximately 15%. Removal rates observed 
during Run 2 (MS2 + ZVI) ranged from 99.1% to 99.9%.  
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During Run 3 (As + MS2 + FEOOH-DEAL), the samples taken from the Source Water 
Tank and the Precoat Filter Effluent showed the bacteria count as too few to count (TFTC), or 
very low. An observation of TFTC was recorded as “0”. During this run, the arsenic and the MS2 
were mixed in the Source Water Tank together. It is possible that the arsenic had and inactivation 
effect on the MS2; the effectiveness of FEOOH-DEAL as an adsorptive material could not be 
evaluated nor could the experimental run be reproduced without the addition of arsenic due to 
the lack of FEOOH-DEAL material. However, the low bacterial counts observed in the samples 
taken from the effluent at 180 minutes and 240 minutes indicate that there is the possibility that 
the arsenic within the system did not achieve a complete inactivation of the MS2. 
4.3 EVALUATING ARSENIC REMOVALS 
The objectives for this part of the study were to enhance the removal of arsenic in a pilot-
scale, DE precoat filtration scheme using ZVI, DEAL, or FEOOH-DEAL as an adsorptive 
media.  These results will be presented in the following section, and further discussion will be 
done in Chapter 5.   
The arsenic concentrations, taken from the Precoat Filter Effluent, from these 
experimental runs can be seen in Table 4.2.  The detection limit for the lab at EAI for arsenic 
was set at 0.5 µg/L, therefore the readings that are recorded as “< 0.5” are below the detection 
limit. Four different runs were conducted to observe the removals of arsenic using different 
adsorptive material.   
Table 4.2 and Figure 4.8 show the arsenic concentrations from the filter effluent and the 
percent removal of arsenic during the four runs that contained a dose of arsenic, respectively.  
The highest removal rate was achieved when using ZVI as an adsorptive media.     
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As + MS2 + 
FEOOH-
DEAL, µg/L 
1000 μg As 
+ ZVI, µg/L 
30 1.22 NT < 0.5 53 22 220 
60 2.44 1,100 < 0.5 48 13 205 
90 3.67 NT < 0.5 48 8.1 220 
120 4.89 1,250 < 0.5 57 5 190 
180 7.33 NT < 0.5 63 5 220 
240 9.78 1,250 < 0.5 68 4.4 200 
 
NOTES: 
• Initial As concentration from the Control Run (Little, 2011) was 1,300 µg/L; initial As concentration from 
the As + ZVI run was 160 µg/L; initial As concentration from the As + DEALsieved run was 160 µg/L; 
initial As concentration from the As + MS2 + FEOOH-DEAL run was 180 µg/L; initial As concentration 
from the 1,000 μg As + ZVI run was 740 µg/L  
• “NT” denotes parameter was not tested 
 
 
Figure 4.7.  Percent removal of arsenic during the experimental runs that contained arsenic. 
4.4 WATER QUALITY ANALYSIS 
Turbidity and pH samples were taken from the Source Water, Mixing Tank, and the 
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1000 μg As + ZVI
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samples were taken every ½ hour from the Source Water Tank and the Precoat Filter Effluent for 
pH.  Turbidity measurements were taken from the Mixing Tank and the Precoat Filter Effluent 
every ½ hour.  This data can be found in Appendix B.  These were taken to show and maintain 
consistency throughout and between each run.  The pH was maintained at 7.1 ± 0.1 for all tanks.  
All effluent turbidity ranged from 0.61 to 1.95 NTU.  An example of some of the turbidity 
readings can be seen in Figure 4.9.  These readings were taken from the Mixing Tank and the 
Precoat Filter Effluent during Run 4 (As + ZVI). 
 
Figure 4.8.  Typical turbidity results.  These results are from Run 4 (As + ZVI). 
 
 Figure 4.10 presents samples taken from the Source Water Tank, Dose Tank, Mixing 
Tank, and the Precoat Filter effluent from Run 4 (As + ZVI).  These samples were taken 2 hours 
into the experimental run.  These samples exhibit typical turbidity observed across the 



























Figure 4.9.  (Left to right) Samples taken from the Source Water Tank, Dose Tank, Mixing Tank, and Precoat Filter 
effluent during Run 4 (As + ZVI), at 120 minutes into the experimental run. 
 Figure 4.11 demonstrates what the precoat filter looked like after an experimental run.  
This photo was taken after the As + ZVI experimental run.  These results exhibit typical results 
across the experimental trials, regardless of the media type. 
 










 Figure 4.12 (a) shows what the Precoat Filter looks like after the NOM +ZVI run.  This 
was typical of all the runs that used Oyster River water as the source water;  Figure 4.12 (b) 
shows what the Precoat Filter looks like after the As + MS2 + FEOOH-DEALsieved run.  This was 
typical of all the runs that used RO water as the source water. 
(a)  (b)  
Figure 4.11. (a) Precoat Filter after completion of the NOM + ZVI Run.  (b) Precoat filter after completion of the As + 
MS2 + FEOOH- FEOOH-DEALsieved Run. 
  
As discussed in Section 3.1.2, the water quality conditions within the Dose Tank were 
continuously monitored and controlled. The pH/Eh data is presented in Figure 4.13. These results 
were typical throughout each pilot-scale experimental run and were expected based on Little’s 
research and other literature. As seen in the figure, the pH and redox conditions within the tank 
were able to be maintained/stabilized, and did not appear to fluctuate significantly. It was 
important to control the conditions within this tank to minimize iron dissolution as well enhance 
the adsorption capacity by aiding in the continuous generation of sorption sites that is generated 
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by the corrosion of iron. pH/Eh data from the Dose Tank for all experimental runs can be found 
in Appendix B. 
 
Figure 4.12. pH and Eh data from experimental Run 4 (As + ZVI); ZVI concentration = 200 mg/L, Ionic strength = 0.005 
M, Alkalinity = 50mg/L as CaCO3, Temp = 20°C±1, ZVI pretreatment time = 24-hours, Diffused air = 5 scfh 
 
 
4.5 ZVI DISSOLUTION 
One of the objectives of this study was to minimize iron dissolution during the 
experimental runs. These results will be presented in the following section, and further 
discussion will be done in Chapter 5.   
The results of the dissolved concentrations of iron from the effluent are presented in 
Table 4.3 and Figure 4.13. The detection limit for the lab at EAI for dissolved iron was set at 
0.01 mg/L, therefore the readings that are recorded as “< 0.01” are below the detection limit. It is 
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(Oyster River water) was recorded at 0.4 mg/L. It is possible that the dissolved iron in the Oyster 
River Water did not participate out due to the existing redox potential (see Figure 2.5), and not  
enough buffering capacity was initially added. Unfortunately, the redox potential of the Source 
Water Tank was unable to be continuously monitored and controlled (as it was in the Dose 
Tank). 
Table 4.4.  Dissolved iron concentrations from the Filter Effluent from experimental runs containing. The existing 
background concentration of Run 7 (NOM + ZVI) had was recorded to 0.40 mg/L. 
 Run 2: 
MS2 + ZVI 
Run 4:  
As + ZVI 
Run 7: 
NOM + ZVI 
Run 4a:  











1.22 < 0.01 < 0.01 0.43 < 0.01 
2.44 < 0.01 < 0.01 0.44 < 0.01 
3.67 < 0.01 < 0.01 0.42 < 0.01 
4.89 < 0.01 < 0.01 0.41 < 0.01 
7.33 < 0.01 < 0.01 0.47 < 0.01 





Figure 4.13. Dissolved iron concentrations from the Filter Effluent from experimental runs containing ZVI. The existing 























Unit Vol Filtrate, m3/m2
Run 2: MS2 + ZVI
Run 4: As + ZVI
Run 7: NOM + ZVI
Run 4a: 1000ug As + ZVI
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Four different runs were conducted using ZVI: Run 2 (MS2 + ZVI), Run 4 (As + ZVI), 
Run 7 (NOM + ZVI), and Run 4a (1000 µg As + ZVI). The minimization of dissolution of ZVI 
was achieved in all applicable runs through the use of ZVI pretreatment as well as maintaining 
the water quality conditions throughout the treatment system. 
 
4.6 ISOTHERM RESULTS 
The objectives for this part of the study were to evaluate the adsorption capacity of ZVI 
in an arsenic contaminated scenario in a bench-scale jar-test.  The prevention of iron dissolution 
in this analysis was a concern and was addressed by maintaining the pH of the solution at 7.1 ± 
0.1.  The results from the jar-test will be presented in the following section, and further 
discussion will be done in Chapter 5.   
Five different jars were prepared to observe the removals of arsenic using ZVI doses, 
with results presented in Table 4.4.   
Table 4.5.  Final concentrations of arsenic of each jar after 1 hour of contact time. The projected initial arsenic dose was 
calculated to be 2000 µg/L; lab results indicate the actual initial As dose to be 1300 µg/L. 
Jar ID ZVI Dose, mg/L Initial As Concentration, µg/L 
Final As 
Concentration, µg/L 
Jar 1 50 1,300 870 
Jar 2 200 1,300 530 
Jar 3 200 1,300 490 
Jar 4 400 1,300 450 
Jar 5 600 1,300 170 
 
Figure 4.14 presents the percent removal of arsenic in each jar.  The highest removal rate, 
86.9% , was achieved when using a ZVI dose of 600 mg/L. These results do not match results 
recorded in the pilot-scale experiments, nor the previous research (Little, 2011) or literature. See 
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Table 4.5 for the observed arsenic removal rates from the pilot-system from Little’s research 
(2011) as well as those presented in this study.  
Table 4.6. Results from the pilot-scale experimental runs to evaluate the arsenic adsorption via ZVI: Runs 2 and 5 are 
from Little’s research (2011); Runs 4 and 4a are from the research conducted in this study. 
Name ZVI Dose, mg/L Initial As Concentration, µg/L Percent As Removed 
Little, Run 2 200 1,900 34.0% 
Little, Run 5 400 2,230 40.0% 
Quay, Run 4 200 160 99.7% 
Quay, Run 4a 200 740 72.0% 
 
   
Figure 4.14.  Percent arsenic removed vs. ZVI dose measured in the bench-scale experiment.  The initial arsenic 
concentration in all jars was 1300 µg/L. 
 
 Furthermore, the calculated adsorption capacity is graphically presented in Figure 4.15. 
From the trendline equation (y = 0.865x – 1.744), the Freundlich Isotherm model is (X/M) = 
0.018Cf0.865 (where Kf is 0.018 µg/mg; and 1/n is 0.865) The Freundlich Isotherm model acts as a 























guide to calculating the ZVI dose into a treatment scheme when the concentration of arsenic is 
known to achieve a specific final arsenic concentration.  
 
Figure 4.15.  Adsorption capacity of ZVI in an arsenic treatment scheme.  Cf refers to the final arsenic concentration in 
µg/L; X is the amount of arsenic adsorbed in µg ; M is the weight of ZVI used in mg. 
 
These results do not correlate to the removal rates there were observed during the pilot 
scale experimental runs, refer to Table 4.4 and Figure 4.8. For example, if the influent arsenic 
concentration of the source water was 200 µg/L and the desired effluent arsenic concentration 
was 10 µg/L, then the needed ZVI dose to achieve said removals would be 1.439 g/L. Using the 
flowrate observed throughout the pilot system of 1 gpm, the system would require a ZVI dose 
rate of 5.44 g/min to achieve the desired arsenic removals. However, the data collected from Run 
4 (As + ZVI) shows that approximately 99.7% of the arsenic was removed when 200 mg/L ZVI 
dose was used (ZVI dose rate of 0.777 g/min).  

























One possibility for this difference could be the result of the mixing speed of the paddles 
in the isotherm experiment. If the jars were mixed at a lower rate, this would increase potential 
settling of the ZVI particles and would reduce the surface area exposed to the arsenic; therefore, 
the contact time of arsenic with the media would be reduced. Another possibility is that the water 
quality conditions within the jars degraded (this was not able to be monitored and controlled as it 
was in the pilot-scale system), influencing the pH and redox potential of the solution, which 
would in turn impact the kinetics and adsorption capacity of the ZVI. 
In a study by Mamindy-Pajany et al. (2011) a Freundlich Isotherm model was developed 
for arsenate adsorption onto ZVI where (X/M) = 1.102Cf0.0375. Meaning that if the influent 
arsenic concentration of the source water was 200 µg/L, the effluent arsenic concentration was 
10 µg/L, and the flowrate was 1 gpm, the system would require a ZVI dose rate of 0.599 g/min 
to achieve the desired arsenic removals.  
4.7 LEACH TEST RESULTS 
The objective for this part of the study was to evaluate the leaching capability of arsenic 
from proprietary DEAL and FEOOH-DEAL treated media in a bench-scale jar-test.  The results 
from the jar-tests will be presented in the following section, and further discussion will be done 
in Chapter 5. All results for this experiment are presented in Appendix D. 
 The final concentrations of arsenic at different pH values using the DEAL media and the 





Figure 4.16.  Results from the leach test for the DEAL media and the FEOOH-DEAL media, over different pHs.  The line 
at 10 µg/L represents the EPA’s MCL for arsenic in drinking water. 
 
This figure shows that the DEAL media has much higher leaching capabilities compared 
to the FEOOH-DEAL media. In addition to this, as the pH becomes more acidic, the arsenic is 
less likely to leach from the adsorptive media.  This seems counterintuitive to the literature: it is 
possible that since this experiment was conducted under anerobic conditions (reducing 
conditions) and DO was not bubbled into the bench scale system, that this would impact the 
leaching capabilities of the two tested media. The lack of control over additional water quality 
conditions, such as ionic strength and alkalinity, could also impact the leachability capabilities 





























 SUMMARY AND CONCLUSIONS 
The objective of this research was to enhance the removal of arsenic from drinking water 
using different adsorption medias, in particular ZVI, DEAL, and FEOOH-DEAL, in conjunction 
with evaluating the water quality to minimize iron dissolution in the arsenic treatment systems 
utilizing ZVI.  Experiments investigating the potential for NOM and MS2 removals using the 
aforementioned adsorption medias were also conducted.  Adsorption capacity of the ZVI was 
also investigated.  The studies included bench- and pilot-scale experiments.  The results are 
presented in CHAPTER 4.  The following chapter will summarize the conclusions drawn from 
those results.  The conclusions will be discussed in order of experiments they were drawn from.  
Conclusions from the bench- and pilot-scale studies will appear in the order that they were 
presented in CHAPTER 4. 
 The pilot-scale study evaluated the potential of an NOM treatment scheme that utilized 
different potential adsorption media type in relationship to observed removal rates of UV Abs 
and DOC.  Conclusions reached as a result of the NOM research are as follows: 
• In a DE precoat filtration system amended with a ZVI bodyfeed slightly increased 
NOM removals compared to an unamended DE precoat filtration system. 




• In a DE precoat filtration system amended with a DEAL bodyfeed significantly 
increased NOM removals compared to an unamended DE precoat filtration 
system. 
o Unamended produced 4% NOM removals; DEAL amended produced 20% 
NOM removals. 
o Sieving the DEAL media not only produced increased NOM removals 
compared to the unsieved DEAL media, but also minimized the headloss 
throughout the system. 
• No experiment using FEOOH-DEAL was able to be conducted due to lack of 
FEOOH-DEAL media, and therefore no conclusions can be made 
 The pilot-scale study evaluated the potential of an MS2 treatment scheme that utilized 
different potential adsorption media type in relationship to observed removal of the number of 
bacterial colonies.  The results presented in CHAPTER 4 indicate that while moderate to low 
removal  rates of MS2 can be achieved using only DE in a precoat filtration system, a DE 
precoat filtration system amended with a ZVI bodyfeed significantly increased MS2 removals 
(99.1% to 99.9% MS2 removals). Furthermore, no conclusions were able to be made regarding 
FEOOH-DEAL as an adsorption media as the resulting data was inconclusive. 
The pilot-scale study evaluated the potential of an arsenic treatment scheme that utilized 
arsenic adsorption by three different media types followed by DE precoat filtration: ZVI, DEAL, 
and FEOOH-DEAL.  The study was intended to analyze the impact of different adsorption media 
on arsenic removals.  It was found that in a DE precoat filtration system amended with a ZVI 
bodyfeed significantly or selected metal-coated DE (DEAL and FEOOH-DEAL) significantly 
increased arsenic removals over the non-amended DE filters, greater than 95%. However, the 
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overall reductions would be a function of the arsenic–metal oxide surface content ratio. These 
results demonstrate that significant arsenic removals can be achieved using any of these three 
tested adsorption medias (ZVI, DEAL, FEOOH-DEAL), in conjunction with taking measures to 
control water quality conditions. 
 Filter efficiency and run lengths, quantified by turbidity and differential pressure 
measurements, did not appear to be impacted by the introduction of any of the adsorption media 
into the precoat filtration system.  Specifically, the ZVI or selected metal-coated amendment, in 
addition to the bodyfeed, did not decrease filter run lengths.  The only issue encountered, with 
regard to elevated filter pressure when using the proprietary DEAL and FEOOH-DEAL media, 
can be resolved by sieving the material and using that which was retained on the #140 sieve (106 
µm mesh).   
Iron dissolution was minimized, by pretreatment of the ZVI media for 24-hours and by 
maintaining the pH of the Source Water Tank and the Dose Tank at 7.1 ± 0.1, and using DO as 
the oxidizer to create aerobic conditions. Measured dissolved iron concentrations of the filter 
effluent were to below secondary standards of 0.3 mg/L set by the EPA.   
 The bench-scale study evaluated the adsorption capacity of ZVI in an arsenic treatment 
scheme.  The study was intended to analyze the impact of iron concentrations on arsenic 
removals.  However, as discussed in CHAPTER 4, this study produced results inconsistent with 
what was observed in the pilot-scale system as well as in the literature. After analyzing the 
results, it can be concluded that this study contained several deficiencies that would have 
impacted the accuracy of the date. For example, inadequate mixing speeds, lack of DO as an 
oxidizer, and the lack of control of the pH and redox potential of the solution. Considering this, it 
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is recommended that this evaluation should be conducted under more controlled conditions to 





 RECOMMENDATIONS FOR FUTURE RESEARCH 
 The primary focus of this research was to investigate the effective use of different 
adsorption media (ZVI, DEAL, and FEOOH-DEAL) in an arsenic treatment system, NOM 
treatment system, and an MS2 treatment system.  This study also investigated the adsorption 
capacity of ZVI in a laboratory setting.  The studies included bench- and pilot-scale experiments 
whose results yielded conclusions discussed in CHAPTER 5.  Prior to recommendations for full-
scale implementation, the following is a list of recommended research for the future to aid in 
answering some of the data gaps and questions left unanswered by this study. 
• Investigate the effectiveness of using a DE precoat filtration system amended with 
DEAL or FEOOH-DEAL bodyfeed as an adsorption media in MS2 and NOM 
treatment schemes; 
• Evaluate the impact of arsenic on MS2, and the potential correlation of MS2 
viability in arsenic contaminated waters; 
• Investigate potential increase contaminant removals by also amending the filter 
precoat instead of just the bodyfeed; and 
• Investigate further the adsorption capacity of ZVI, under more controlled 
conditions, for the purpose of being able to confirm a minimum recommended 




o E.g. different mixing rates should be evaluated to assess the arsenic 
adsorption impacts; water quality parameters should be monitored and 
controlled more closely; a larger sample size should be used to try and 
increase the R2 value closer to 1.0. 
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Standard Operating Procedures 
1. pH Measurements 
Principle  
The pH measurement indicates the hydrogen ion concentration of a solution, or a measure 
of the solution's acidity. It is one of the most important and frequently used analyses in water 
chemistry due to the fact that practically every phase of water supply and wastewater treatment is 
pH dependent. The pH of a solution can be determined by electrometric measurement using a 
standard hydrogen electrode and a reference electrode.  
Apparatus  
• ACCUMET CAT # 13-620-229 sensor  
• CONSORT R305 meter  
Reagents and Materials  
• pH standards (4, 7, 10)  
• Acid washed Erlenmeyer flask  
Method  
1. Connect the electrode to the meter  
2. Perform a 2-point calibration using pH calibration standards that bracket the expected pH 
value of the solution  
a. Press CAL  
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b. Clean the sensor with distilled water and blot dry with a lint-free tissue.  
c. Place the sensor in the low pH standard ensuring the solution is above the cell 
chamber slot. Hold the sensor in the standard and press CAL. The lower right 
region of the display will show CAL in progress.  
d. Wait till the automatic endpoint appears  
e. Clean the sensor with distilled water, blot dry with a lint-free tissue and repeat 
steps b and c for the next standard.  
f. Meter will indicate calibration successful.  
3. Place the sensor in the sample ensuring the sample is above the cell chamber slot  
4. Record the reading  
5. Clean the sensor with distilled water and blot dry with a lint-free tissue  
Quality Control  
• Calibrate instrument prior to its use.  
• Do duplicates of all readings.  
References  
CORNING, CHECKMATE II, Instruction manual  
Clesceri, Lenore S. et al. Standard Methods for the Examination of Water and Wastewater: 20th 





Standard Operating Procedures 
2. Oxidation-Reduction Potential Measurements 
Principle 
Oxidation and reduction reactions control the behavior of many chemical constituents in 
drinking, process, and wastewaters as well as most aquatic environments. The reactivity and 
mobility of many important elements are strongly dependent on redox conditions. Oxidation-
reduction potential (ORP) measurements are made by potentiometric determination of electron 
activity with an inert indicator electrode and a suitable reference electrode. The potential 
difference measured in solution between these two electrodes should not be equated to Eh, which 
is a thermodynamic property of the solution. A correlation between the sample potential 
measured and the Eh of the standard hydrogen electrode can be made with a known solution 
temperature. Although Eh values measured in the field often correlate poorly with Eh values 
calculated from the redox couples present, measurement of redox potential, when properly 
performed and interpreted, is useful in developing a more complete understanding of water 
chemistry.  
Apparatus  
• ORION 9678BN ORP/Redox probe or analogous ORP/Redox probe  
• CONSORT R305 meter or analogous meter  
Reagents and Materials  
• ORION 900001 or 900011 reference filling solution  
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• ORION 967901 ORP standard  
• 250 mL Erlenmeyer flask  
• Magnetic stir bar  
• Stir plate 
Method  
1. Connect the electrode to the meter  
2. Choose appropriate filling solution to best match ionic strength of solution.  
a. Use 900011 filling solution for samples that have a total ionic strength greater 
than 0.2M  
b. Use 900001 filling solution for samples that have a total ionic strength less than 
0.2M  
3. Rinse meter with DI and blot dry  
4. Calibrate probe  
a. Equilibrate standard solution to temperature of the sample  
b. Immerse electrodes in gently stirred standard solution  
c. After several minutes, record reading to nearest millivolt  
d. If the reading is more than +/- 10 mV from theoretical value replace reference 
electrode fluid and repeat the measurement  
e. If that fails, polish the sensing element of the indicator electrode with 
carborundum paper, crocus cloth, or jeweler's rouge  




g. If again not within +/- 10 mV, repeat cleaning procedure or try another electrode 
or when the reading stabilizes, press CAL. 
h. Adjust mV reading to match standard.  
5. Rinse with distilled water and proceed with the sample measurement.  
6. Immerse electrode in sample  
7. Let equilibrate, record Eh value to the nearest millivolt, and temp to +/-0.1°C  
8. Repeat with second sample portion to confirm successive readings within 10 mV  
9. If the reading is within +/- 10 mV, record reading and temperature  
10. Recalibrate daily  
Calculations  
To determine the Eh of a sample relative to the standard hydrogen electrode, measure the 
Eh of both the sample and standard solution at the same temperature (within + 0.1°C), then 
calculate Eh value of the sample:  
Ehsystem = Eobserved + EhZoBell/reference - EhZoBell observed 
where:  
• Eobserved  = sample potential relative to reference electrode  
• EhZoBell/reference   = theoretical Eh of reference electrode and ZoBell's solution, relative to 
the standard hydrogen electrode  




Quality Control  
• Calibrate daily or before each use and perform duplicates of all readings.  
References  
Thermo Electron Corporation Users Guide for Redox/ORP Electrodes  
Clesceri, Lenore S. et al. Standard Methods for the Examination of Water and Wastewater: 20th 




Standard Operating Procedures 
3. Laboratory Glassware Cleaning 
1. Nitric acid washing  
a. Always work under the nitric acid hood, wearing safety glasses, face shield, lab coat, 
apron and acid resistant gloves.  
b. Use acid neutralizer to clean up spills, dispose acid in appropriately labeled waste 
container, kept under the hood.  
c. Do not wash metals with acid.  
d. Do not let acid soak in plastic sample containers and caps; only rinse plastic containers.  
2. Volumetric flasks, pipettes, beakers, Erlenmeyer flasks, and other glassware (nitric 
wash)  
a. Empty contents from glassware to hazardous waste collection bottle if the solution 
contained arsenic or into the drain if it did not and remove all labels.  
b. Rinse 6x with RO water to prevent expending acid.  
c. Carefully pour some nitric acid in glassware and slowly pour it out while rotating 
glassware so that the acid touches the whole inner surface. Repeat this process 3x.  
d. 5 mL AAS sample vials are soaked in 1:1 nitric acid for 24 hrs instead of step c.  
e. Rinse 6x with RO water.  
f. Wrap openings with foil to protect from dust and dry in 60° C drying oven overnight. 
Then store under bench.  
3. Plastic caps, silicone septa  
a. Rinse at least 3x with RO water and then soak overnight in soapy (phosphate free) water.  
b. Rinse 6x with RO water.  
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c. Place in glass beaker and cover with foil to protect from dust.  
d. Dry in 60° C oven.  
4. Chromic acid washing  
a. Always work under the chromic acid hood, wearing safety glasses, face shield, lab coat, 
apron and acid resistant gloves.  
b. Use acid neutralizer to clean up spills, dispose acid in appropriately labeled waste 
container, kept under the hood. If the chromic acid has turned blue, it is spent. Do not 
mix spent acid with good acid.  
c. Do not wash metals with acid.  
d. Do not let acid soak in plastic sample containers and caps; only rinse plastic containers.  
References  
Clesceri, Lenore S. et al. Standard Methods for the Examination of Water and Wastewater: 20th 















As + DE Control Run Data (Little, 2011) 
The following data was extracted from Appendix F of Nathan Little’s research (2011) 
“Control Run”. A control run was performed without the addition of ZVI for QA/QC purposes. 
This run was not replicated within this research but the data was used to supplement the 
experimental research. 
Date: 7/6/2011  
Start Time: 1:00 PM  
   
Redox Probe   
Calibration Solution   
Temperature 23 ˚C  
Eh 421  
Filling Solution 900011 900001 
Calibration Std. 219 173 
Probe Reading 214 195 
 
Source Water Tank 
Time, 
min 
Unit Vol Filtrate, 
m3/m2 pH ORP, mV Eh, V Temp, °C 
0 0.00 7.23 238 0.445 28.00 
44 1.79 7.43 201 0.408 28.25 
65 2.65 7.42 226 0.433 28.00 
103 4.20 7.56 250 0.457 28.00 
129 5.26 7.56 158 0.365 28.00 
168 6.85 7.48 127 0.334 28.00 
197 8.03 7.60 149 0.356 28.50 
244 9.94 7.67 175 0.382 28.00 
       




Unit Vol Filtrate, 
m3/m2 pH ORP, mV Eh, V Temp, °C 
0 0.00 7.39 -42 0.184 23.00 
29 1.18 7.33 -35 0.191 23.50 
80 3.26 7.29 -35 0.191 23.50 
118 4.81 7.28 -37 0.189 24.00 
149 6.07 7.28 -42 0.184 24.00 
183 7.46 7.26 -41 0.185 24.00 
210 8.56 7.23 -41 0.185 24.00 
242 9.86 7.24 -44 0.182 23.50 
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Unit Vol Filtrate, 
m3/m2 pH ORP, mV Eh, V Temp, °C 
2 0.08 7.22 230 0.437 20.00 
29 1.18 7.44 161 0.368 21.00 
74 3.02 7.36 233 0.44 26.00 
85 3.46 7.51 222 0.429 26.00 
257 10.47 7.38 200 0.407 26.00 
180 7.33 7.54 282 0.489 26.00 
205 8.35 7.57 201 0.408 26.00 





Unit Vol Filtrate, 
m3/m2 




5 0.20 2.52 0.51 
35 1.43 2.84 0.51 
70 2.85 2.97 0.46 
90 3.67 2.61 0.42 
132 5.38 1.87 0.41 
145 5.91 1.73 0.38 
200 8.15 1.81 0.36 
246 10.02 1.76 0.36 
    
Filter Pressure Readings  
Time, 
min 





2 0.08 1.5  
29 1.18 3.1  
70 2.85 3.2  
77 3.14 3  
90 3.67 3  
105 4.28 2.5  
120 4.89 2.5  
137 5.58 2.5  
150 6.11 2.5  
165 6.72 2.5  
180 7.33 2.5  
205 8.35 2.6  
225 9.17 3  






As + DE Control Run Data (Little, 2011) 
Sample 
Label Sample Description 






B1 Raw water tank. Initial. RO water control 0.00 <0.01 < 0.0005 
B2 Effluent. 15 mins. RO water control 0.61 <0.01 < 0.0005 
B3 Effluent. 30 mins. RO water control 1.22 <0.01 < 0.0005 
C1 Raw water tank. Initial. [As] control 0.00 <0.01 1 
C2 Effluent. 30 mins. [As] control 1.22 <0.01 1.1 
C3 Effluent. 60 mins. [As] control 2.44 <0.01 1.2 
C4 Duplicate of Effluent. 60 mins. [As] control 2.44 <0.01 1.3 
C5 Raw water tank. 120 mins. [As] control 4.89 <0.01 1.3 
C6 Effluent. 120 mins. [As] control 4.89 <0.01 1.3 
C7 Effluent. 240 mins. [As] control 9.78 <0.01 1.5 
C10 Raw water tank. 240 mins. [As] control 9.78 <0.01  1.4 
C8 Blank. RO water 0.00 <0.01 < 0.0005 







Run 1: MS2 + DE (Control Run) 
Date: 10/11/2012  
Start Time: 10:05 AM  
   
Redox Probe   
Calibration Solution   
Temperature 23 ˚C  
Eh 421  
Filling Solution 900011 900001 
Calibration Std. 219 173 
Probe Reading 216 205 
 






Avg. pH St. Dev.; pH Avg. pH 
St. Dev.; 
pH Avg. pH 
St. Dev.; 
pH 
0 0.00 6.65 0.02 7.10 0.03 6.68 0.01 
30 1.22 6.64 0.02 7.09 0.01 6.70 0.02 
60 2.44 6.71 0.06 7.01 0.01 6.65 0.01 
90 3.67 6.70 0.03 6.89 0.02 6.73 0.03 
120 4.89 6.62 0.02 6.99 0.03 6.80 0.06 
150 6.11 6.65 0.01 7.00 0.02 6.81 0.04 
180 7.33 6.69 0.02 7.01 0.02 6.74 0.01 
210 8.56 6.72 0.03 6.86 0.02 6.77 0.02 
240 9.78 6.71 0.01 6.91 0.03 6.80 0.02 
        
        


















0 0.00 141.0 0.02 224.0 0.03 -119.000 0.50 
30 1.22 135.0 0.02 221.0 0.05 -120.000 0.50 
60 2.44 133.5 0.03 220.0 0.01 -103.000 0.00 
90 3.67 119.0 0.01 221.2 0.01 -101.000 0.00 
120 4.89 118.3 0.01 222.0 0.02 -101.200 0.30 
150 6.11 130.0 0.30 92.0 0.04 -105.000 0.00 
180 7.33 125.0 0.30 89.3 0.03 -110.000 0.00 
210 8.56 118.3 0.50 82.0 0.02 -111.000 0.50 










Run 1: MS2 + DE (Control Run) 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Eh, V Eh, V Eh, V 
0 0.00 0.396 0.479 0.302 
30 1.22 0.390 0.476 0.301 
60 2.44 0.388 0.475 0.318 
90 3.67 0.374 0.476 0.320 
120 4.89 0.373 0.477 0.320 
150 6.11 0.385 0.347 0.316 
180 7.33 0.380 0.344 0.311 
210 8.56 0.373 0.337 0.310 
240 9.78 0.378 0.332 0.307 
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Temp, °C  Temp, °C  Temp, °C  
0 0.00 27.00 22.00 26.00 
30 1.22 27.00 22.25 26.00 
60 2.44 27.00 22.25 25.50 
90 3.67 27.00 22.00 25.50 
120 4.89 27.50 22.00 25.50 
150 6.11 27.00 22.00 25.00 
180 7.33 27.00 21.75 25.00 
210 8.56 26.75 21.75 25.00 


















0 0 12.10 0.50 0.20 0.04 
30 1.22 13.40 0.80 0.25 0.49 
60 2.44 16.20 0.40 0.27 1.09 
90 3.67 22.00 0.20 0.30 0.57 
120 4.89 25.10 0.60 0.33 0.73 
150 6.11 27.00 0.10 0.32 0.26 
180 7.33 30.00 0.40 0.41 0.12 
210 8.56 31.50 0.90 0.40 0.07 













Run 1: MS2 + DE (Control Run) 
 
Time,  min Unit Vol Filtrate, m3/m2 Pressure, psi 
0 0.00 0.5 
15 0.61 0.8 
30 1.22 0.7 
45 1.83 0.8 
60 2.44 0.8 
75 3.06 0.9 
90 3.67 0.9 
105 4.28 0.8 
120 4.89 0.8 
135 5.50 0.9 
150 6.11 0.8 
165 6.72 0.8 
180 7.33 0.8 
195 7.95 0.9 
210 8.56 0.9 
225 9.17 1.0 











Run 2: MS2 + ZVI  
 
Date: 1/12/2013  
Start Time: 10:30 AM  
   
Redox Probe   
Calibration Solution   
Temperature 23 ˚C  
Eh 421  
Filling Solution 900011 900001 
Calibration Std. 219 173 
Probe Reading 210 194 
 






Avg. pH St. Dev.; pH Avg. pH 
St. Dev.; 
pH Avg. pH 
St. Dev.; 
pH 
0 0.00 6.75 0.02 6.98 0.01 6.75 0.02 
30 1.22 6.78 0.01 6.86 0.01 6.62 0.04 
60 2.44 6.70 0.02 6.93 0.08 6.76 0.01 
90 3.67 6.86 0.05 6.95 0.02 6.84 0.03 
120 4.89 6.90 0.02 6.99 0.03 6.90 0.02 
150 6.11 6.98 0.01 7.05 0.05 6.86 0.01 
180 7.33 6.97 0.04 7.07 0.04 6.86 0.04 
210 8.56 7.01 0.02 7.06 0.03 6.98 0.01 
240 9.78 7.02 0.03 7.07 0.07 6.99 0.01 
        
        


















0 0.00 48.000 0.10 -124.000 0.20 -96.000 0.05 
30 1.22 47.000 0.10 -126.000 0.50 -95.000 0.10 
60 2.44 47.000 0.50 -129.000 0.00 -96.000 0.00 
90 3.67 50.143 0.03 -132.000 0.00 -97.000 0.05 
120 4.89 46.000 0.10 -135.000 0.50 -97.000 0.25 
150 6.11 49.000 0.60 -130.667 0.30 -104.000 0.20 
180 7.33 50.000 0.60 -133.000 0.20 -102.000 0.30 
210 8.56 50.000 0.20 -136.000 0.00 -103.000 0.20 










Run 2: MS2 + ZVI 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Eh, V Eh, V Eh, V 
0 0.00 0.469 0.297 0.325 
30 1.22 0.468 0.295 0.326 
60 2.44 0.468 0.292 0.325 
90 3.67 0.471 0.289 0.324 
120 4.89 0.467 0.286 0.324 
150 6.11 0.470 0.290 0.317 
180 7.33 0.471 0.288 0.319 
210 8.56 0.471 0.285 0.318 
240 9.78 0.472 0.283 0.316 
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Temp, °C Temp, °C Temp, °C 
0 0.00 29.00 23.50 28.00 
30 1.22 29.00 23.50 28.00 
60 2.44 28.50 23.50 28.00 
90 3.67 28.50 23.25 28.00 
120 4.89 28.00 23.00 27.50 
150 6.11 28.00 23.00 27.50 
180 7.33 28.00 22.50 27.50 
210 8.56 27.00 22.50 27.00 
















0 0 369.00 0.00 0.10 0.01 
30 1.22 380.00 0.00 0.13 0.03 
60 2.44 382.00 0.00 0.15 0.02 
90 3.67 402.00 0.00 0.20 0.01 
120 4.89 430.00 0.00 0.22 0.04 
150 6.11 459.00 0.00 0.24 0.01 
180 7.33 441.00 0.00 0.25 0.01 
210 8.56 360.00 0.00 0.29 0.02 












Run 2: MS2 + ZVI 
 
Time, min Unit Vol Filtrate, m3/m2 Pressure, psi 
0 0.00 0.5 
15 0.61 0.5 
30 1.22 0.5 
45 1.83 0.8 
60 2.44 0.9 
75 3.06 1.0 
90 3.67 1.0 
105 4.28 1.0 
120 4.89 1.2 
135 5.50 1.3 
150 6.11 1.4 
165 6.72 1.4 
180 7.33 1.5 
195 7.95 1.6 
210 8.56 1.6 
225 9.17 1.7 
















EFF 0 DE Filter Effluent Background -- [Fe] < 0.01 NT 
ZVI 0 ZVI Dose Tank 0 0.00 [Fe] < 0.01 NT 
EFF 30 DE Filter Effluent 30 1.22 [Fe] < 0.01 NT 
EFF 60 DE Filter Effluent 60, Duplicate 2.44 [Fe] < 0.01 NT 
EFF 60 D DE Filter Effluent 60, Duplicate 2.44 [Fe] < 0.01 NT 
EFF 60 
TOT DE Filter Effluent 60 2.44 Total Iron NT < 0.01 
EFF 90 DE Filter Effluent 90 3.67 [Fe] < 0.01 NT 
EFF 120 DE Filter Effluent 120 4.89 [Fe] < 0.01 NT 
EFF 120 
TOT DE Filter Effluent 120 4.89 Total Iron NT 0.01 
EFF 180 DE Filter Effluent 180 7.33 [Fe] < 0.01 NT 
ZVI 240 ZVI Dose Tank 240 9.78 [Fe] < 0.01 NT 
EFF 240 DE Filter Effluent 240 9.78 [Fe] < 0.01 NT 
EFF 240 
TOT DE Filter Effluent 240 9.78 Total Iron NT < 0.01 
B 1 Blank. RO Water -- -- [Fe] < 0.01 NT 
B 2 0.25 mg/L [Fe] -- -- [Fe] 0.22 NT 
NOTES:  
     - "NT" denotes parameter was not tested. 









Run 3: As + MS2 + FEOOH-DEAL(sieved)  
 
Date: 1/30/2013  
Start Time: 11:45 AM  
   
Redox Probe   
Calibration Solution   
Temperature 23 ˚C  
Eh 421  
Filling Solution 900011 900001 
Calibration Std. 219 173 
Probe Reading 214 197 
 
 






Avg. pH St. Dev.; pH Avg. pH 
St. Dev.; 
pH Avg. pH 
St. Dev.; 
pH 
0 0.00 6.83 0.05 7.10 0.02 7.11 0.03 
30 1.22 6.95 0.02 7.04 0.02 7.08 0.03 
60 2.44 6.91 0.02 6.99 0.06 7.03 0.05 
90 3.67 7.02 0.01 7.14 0.01 7.30 0.03 
120 4.89 7.05 0.06 7.31 0.04 6.90 0.02 
150 6.11 7.11 0.03 7.17 0.07 7.01 0.01 
180 7.33 7.06 0.02 7.01 0.02 6.89 0.01 
210 8.56 7.15 0.04 6.96 0.03 6.92 0.02 
240 9.78 7.13 0.01 6.93 0.04 7.00 0.06 
        
        


















0 0.00 159.0 0.50 177.0 0.10 201.0 0.40 
30 1.22 166.0 0.00 176.0 0.30 214.0 0.20 
60 2.44 154.0 0.00 169.0 0.50 209.0 0.00 
90 3.67 172.0 0.50 153.0 0.40 218.0 0.00 
120 4.89 158.0 0.40 158.0 0.20 199.0 0.10 
150 6.11 152.0 0.20 163.0 0.00 206.0 0.10 
180 7.33 155.0 0.20 153.0 0.00 218.0 0.50 
210 8.56 164.0 0.25 164.0 0.20 210.0 0.20 










Run 3: As + MS2 + FEOOH-DEAL(sieved) 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Eh, V Eh, V Eh, V 
0 0.00 0.366 0.384 0.408 
30 1.22 0.373 0.383 0.421 
60 2.44 0.361 0.376 0.416 
90 3.67 0.379 0.360 0.425 
120 4.89 0.365 0.365 0.406 
150 6.11 0.359 0.370 0.413 
180 7.33 0.362 0.360 0.425 
210 8.56 0.371 0.371 0.417 
240 9.78 0.367 0.376 0.403 
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Temp, °C  Temp, °C  Temp, °C  
0 0.00 27.00 23.00 27.00 
30 1.22 27.00 23.00 26.50 
60 2.44 27.00 22.00 26.50 
90 3.67 26.50 22.00 26.50 
120 4.89 26.50 22.00 26.50 
150 6.11 26.50 22.00 26.00 
180 7.33 26.00 22.50 26.00 
210 8.56 26.00 22.50 26.00 
240 9.78 26.50 22.50 26.00 
 
Time, min Unit Vol Filtrate, m3/m2 Pressure, psi 
0 0.00 0.7 
15 0.61 0.9 
30 1.22 0.8 
45 1.83 0.9 
60 2.44 0.9 
75 3.06 1.0 
90 3.67 0.9 
105 4.28 0.8 
120 4.89 0.8 
135 5.50 0.9 
150 6.11 0.9 
165 6.72 1.0 
180 7.33 1.0 
195 7.95 1.0 
210 8.56 1.1 
225 9.17 1.1 






Run 3: As + MS2 + FEOOH-DEAL(sieved) 
Time, 
min 












0 0.00 121.00 0.00 0.28 0.01 
30 1.22 133.00 0.00 0.26 0.03 
60 2.44 271.00 0.00 0.25 0.03 
90 3.67 226.00 0.00 0.23 0.02 
120 4.89 248.00 0.00 0.30 0.02 
150 6.11 282.00 0.00 0.33 0.05 
180 7.33 289.00 0.00 0.31 0.01 
210 8.56 312.00 0.00 0.29 0.06 
















SW 0 Source Water Tank Background -- [As] 0.18 NT NT 
EFF 0 DE Filter Effluent Initial 0.00 [As], [Fe] < 0.0005 < 0.01 NT 
SW 1 Source Water Tank 0 0.00 [As] 0.18 NT NT 
ZVI 0 ZVI Dose Tank 0 0.00 [Fe] NT 0.05 NT 
EFF 30 DE Filter Effluent 30 1.22 [As], [Fe] 0.022 < 0.01 NT 
EFF 60 DE Filter Effluent 60 (Duplicate) 2.44 [As], [Fe] 0.013 < 0.01 NT 
EFF 60 D DE Filter Effluent 60 (Duplicate) 2.44 [As], [Fe] 0.012 < 0.01 NT 
EFF 60 
TOT DE Filter Effluent 60 2.44 Total Iron NT NT < 0.05 
EFF 90 DE Filter Effluent 90 3.67 [As], [Fe] 0.0081 < 0.01 NT 
SW 120 Source Water Tank 120 4.89 [As] 0.0063 NT NT 
EFF 120 DE Filter Effluent 120 4.89 [As], [Fe] 0.005 < 0.01 NT 
EFF 120 
TOT DE Filter Effluent 120 4.89 Total Iron NT NT < 0.05 
EFF 180 DE Filter Effluent 180 7.33 [As], [Fe] 0.005 < 0.01 NT 
SW 240 Source Water Tank 240 9.78 [As] 0.18 NT NT 
ZVI 240 ZVI Dose Tank 240 9.78 [Fe] NT < 0.01 NT 
EFF 240 DE Filter Effluent 240 9.78 [As], [Fe] 0.0044 < 0.01 NT 
EFF 240 
TOT DE Filter Effluent 240 9.78 Total Iron NT NT 0.05 
B 1 Blank. RO Water -- -- [As], [Fe] < 0.0005 < 0.01 NT 
B 2 Standard 0.05 mg/L [As]; 0.25 mg/L [Fe] -- -- [As], [Fe] 0.04 0.21 NT 
NOTES:  
- "NT" denotes parameter was not tested. 










Run 4: As + ZVI  
 
Date: 12/20/2012  
Start Time: 2:00 PM  
   
Redox Probe   
Calibration Solution   
Temperature 23 ˚C  
Eh 421  
Filling Solution 900011 900001 
Calibration Std. 219 173 
Probe Reading 210 195 
 
 






Avg. pH St. Dev.; pH Avg. pH 
St. Dev.; 
pH Avg. pH 
St. Dev.; 
pH 
0 0.00 6.99 0.02 7.30 0.02 6.99 0.02 
30 1.22 6.95 0.01 6.90 0.02 6.80 0.03 
60 2.44 6.95 0.01 6.50 0.03 7.03 0.01 
90 3.67 7.03 0.01 7.10 0.05 6.94 0.01 
120 4.89 6.95 0.03 7.20 0.04 7.02 0.05 
150 6.11 6.90 0.02 7.09 0.01 7.03 0.01 
180 7.33 7.05 0.05 7.11 0.01 6.94 0.01 
210 8.56 6.98 0.04 6.99 0.03 7.01 0.02 
240 9.78 7.04 0.02 7.23 0.06 7.03 0.03 
        
        


















0 0.00 204.0 0.50 173.0 0.00 262.0 0.20 
30 1.22 216.0 0.50 168.0 0.25 267.0 0.20 
60 2.44 257.0 0.50 182.0 0.05 270.0 0.10 
90 3.67 263.0 0.00 164.0 0.00 268.0 0.50 
120 4.89 283.0 0.00 154.0 0.00 267.0 0.10 
150 6.11 271.0 0.50 162.0 0.10 267.0 0.00 
180 7.33 265.0 0.00 183.0 0.20 271.0 0.00 
210 8.56 268.0 0.50 179.0 0.00 270.0 0.20 










Run 4: As + ZVI  
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Eh, V Eh, V Eh, V 
0 0.00 0.415 0.384 0.473 
30 1.22 0.427 0.379 0.478 
60 2.44 0.468 0.393 0.481 
90 3.67 0.474 0.375 0.479 
120 4.89 0.494 0.365 0.478 
150 6.11 0.482 0.373 0.478 
180 7.33 0.476 0.394 0.482 
210 8.56 0.479 0.390 0.481 
240 9.78 0.470 0.372 0.483 
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Temp, °C  Temp, °C  Temp, °C  
0 0.00 28.00 23.00 27.00 
30 1.22 28.00 23.00 27.00 
60 2.44 27.00 22.50 27.00 
90 3.67 27.00 22.50 26.50 
120 4.89 27.00 22.50 26.50 
150 6.11 27.00 22.50 26.50 
180 7.33 26.50 22.00 26.50 
210 8.56 26.50 22.00 26.00 
240 9.78 26.50 22.50 26.00 
 
 
Time, min Unit Vol Filtrate, m3/m2 Pressure, psi 
0 0.00 0.5 
15 0.61 0.5 
30 1.22 1.0 
45 1.83 1.0 
60 2.44 1.0 
75 3.06 1.2 
90 3.67 1.5 
105 4.28 1.7 
120 4.89 2.0 
135 5.50 2.3 
150 6.11 3.0 
165 6.72 3.0 
180 7.33 3.5 
195 7.95 3.5 
210 8.56 3.5 
225 9.17 3.7 





















0 0.00 33.0 0.00 0.19 0.00 
30 1.22 175.0 0.00 0.42 0.01 
60 2.44 171.0 0.00 0.30 0.04 
90 3.67 177.0 0.00 0.25 0.00 
120 4.89 183.0 0.00 0.23 0.01 
150 6.11 168.0 0.00 0.18 0.01 
180 7.33 172.0 0.00 0.13 0.01 
210 8.56 167.0 0.00 0.15 0.00 
















SW 0 Source Water Tank Background -- [As] 0.16 NT NT 
EFF 0 DE Filter Effluent Initial 0.00 [As], [Fe] 0.0007 < 0.01 NT 
SW 1 Source Water Tank 0 0.00 [As] 0.16 NT NT 
ZVI 0 ZVI Dose Tank 0 0.00 [Fe] NT 0.19 NT 
EFF 30 DE Filter Effluent 30 1.22 [As], [Fe] < 0.0005 < 0.01 NT 
EFF 60 DE Filter Effluent 60 (Duplicate) 2.44 [As], [Fe] < 0.0005 < 0.01 NT 
EFF 60 D DE Filter Effluent 60 (Duplicate) 2.44 [As], [Fe] < 0.0005 < 0.01 NT 
EFF 60 
TOT DE Filter Effluent 60 2.44 Total Iron NT NT 0.9 
EFF 90 DE Filter Effluent 90 3.67 [As], [Fe] < 0.0005 < 0.01 NT 
SW 120 Source Water Tank 120 4.89 [As] 0.16 NT NT 
EFF 120 DE Filter Effluent 120 4.89 [As], [Fe] < 0.0005 < 0.01 NT 
EFF 120 
TOT DE Filter Effluent 120 4.89 Total Iron NT NT < 0.01 
EFF 180 DE Filter Effluent 180 7.33 [As], [Fe] < 0.0005 < 0.01 NT 
SW 240 Source Water Tank 240 9.78 [As] 0.16 NT NT 
ZVI 240 ZVI Dose Tank 240 9.78 [Fe] NT 0.09 NT 
EFF 240 DE Filter Effluent 240 9.78 [As], [Fe] <0.0005 < 0.01 NT 
EFF 240 
TOT DE Filter Effluent 240 9.78 Total Iron NT NT 0.05 
B 1 Blank. RO Water -- -- [As], [Fe] 0.0006 < 0.01 NT 
B 2 Standard 0.05 mg/L [As]; 0.25 mg/L [Fe] -- -- [As], [Fe] 0.046 0.23 NT 
NOTES:  
- "NT" denotes parameter was not tested. 




Run 4(a): 1000μg As + ZVI 
 
Date: 5/8/2013  
Start Time: 11:30 AM  
   
Redox Probe   
Calibration Solution   
Temperature 23 ˚C  
Eh 421  
Filling Solution 900011 900001 
Calibration Std. 219 173 
Probe Reading 210 198 
 






Avg. pH St. Dev.; pH Avg. pH 
St. Dev.; 
pH Avg. pH 
St. Dev.; 
pH 
0 0.00 6.80 0.02 7.20 0.03 7.01 0.03 
30 1.22 6.85 0.03 6.70 0.06 7.05 0.03 
60 2.44 6.95 0.01 6.90 0.02 6.95 0.03 
90 3.67 7.04 0.04 7.16 0.02 6.97 0.05 
120 4.89 7.11 0.03 7.20 0.01 6.81 0.02 
150 6.11 7.03 0.03 7.10 0.01 6.96 0.01 
180 7.33 7.09 0.02 7.12 0.04 6.89 0.02 
210 8.56 7.01 0.05 7.00 0.01 7.01 0.04 
240 9.78 6.89 0.02 7.02 0.01 6.90 0.01 
        
        


















0 0.00 238.0 0.40 173.0 0.05 242.0 0.00 
30 1.22 229.0 0.20 175.0 0.00 247.0 0.10 
60 2.44 231.0 0.20 182.0 0.00 251.0 0.10 
90 3.67 226.0 0.10 160.0 0.10 248.0 0.00 
120 4.89 228.0 0.00 189.0 0.10 256.0 0.05 
150 6.11 241.0 0.00 174.0 0.30 258.0 0.40 
180 7.33 220.0 0.30 170.0 0.50 261.0 0.00 
210 8.56 221.0 0.10 186.0 0.50 255.0 0.10 











Run 4(a): 1000μg As + ZVI 
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Eh, V Eh, V Eh, V 
0 0.00 0.449 0.384 0.473 
30 1.22 0.440 0.386 0.478 
60 2.44 0.442 0.393 0.481 
90 3.67 0.437 0.371 0.479 
120 4.89 0.439 0.400 0.478 
150 6.11 0.452 0.385 0.478 
180 7.33 0.431 0.381 0.482 
210 8.56 0.432 0.397 0.481 
240 9.78 0.429 0.388 0.483 
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Temp, °C  Temp, °C  Temp, °C  
0 0.00 27.00 23.00 27.00 
30 1.22 27.00 23.00 27.00 
60 2.44 26.50 22.75 27.00 
90 3.67 26.50 22.50 26.50 
120 4.89 26.00 22.50 26.50 
150 6.11 26.00 22.00 26.50 
180 7.33 26.00 22.00 26.50 
210 8.56 26.00 22.00 26.00 
240 9.78 25.00 22.00 26.00 
 
 
Time,  min Unit Vol Filtrate, m3/m2 Pressure, psi 
0 0.00 0.4 
15 0.61 0.5 
30 1.22 1.0 
45 1.83 1.0 
60 2.44 1.0 
75 3.06 1.2 
90 3.67 1.5 
105 4.28 1.5 
120 4.89 1.7 
135 5.50 1.9 
150 6.11 2.0 
165 6.72 2.1 
180 7.33 2.4 
195 7.95 2.5 
210 8.56 2.5 
225 9.17 2.7 






















0 0.00 58.00 0.00 0.10 0.00 
30 1.22 164.00 0.00 0.23 0.01 
60 2.44 186.00 0.00 0.19 0.01 
90 3.67 190.00 0.00 0.20 0.00 
120 4.89 191.00 0.00 0.21 0.02 
150 6.11 187.00 0.00 0.20 0.02 
180 7.33 184.00 0.00 0.18 0.01 
210 8.56 188.00 0.00 0.25 0.01 
















SW 0 Source Water Tank Background -- [As] 0.74 NT NT 
EFF 0 DE Filter Effluent Initial 0.00 [As], [Fe] 0.0006 < 0.01 NT 
SW 1 Source Water Tank 0 0.00 [As] 0.74 NT NT 
ZVI 0 ZVI Dose Tank 0 0.00 [Fe] NT 0.08 NT 
EFF 30 DE Filter Effluent 30 1.22 [As], [Fe] 0.22 < 0.01 NT 
EFF 60 DE Filter Effluent 60 (Duplicate) 2.44 [As], [Fe] 0.2 < 0.01 NT 
EFF 60 D DE Filter Effluent 60 (Duplicate) 2.44 [As], [Fe] 0.21 < 0.01 NT 
EFF 60 
TOT DE Filter Effluent 60 2.44 Total Iron NT NT 0.7 
EFF 90 DE Filter Effluent 90 3.67 [As], [Fe] 0.22 < 0.01 NT 
SW 120 Source Water Tank 120 4.89 [As] 0.76 NT NT 
EFF 120 DE Filter Effluent 120 4.89 [As], [Fe] 0.19 < 0.01 NT 
EFF 120 
TOT DE Filter Effluent 120 4.89 Total Iron NT NT 0.8 
EFF 180 DE Filter Effluent 180 7.33 [As], [Fe] 0.22 < 0.01 NT 
SW 240 Source Water Tank 240 9.78 [As] 0.78 NT NT 
ZVI 240 ZVI Dose Tank 240 9.78 [Fe] NT 0.08 NT 
EFF 240 DE Filter Effluent 240 9.78 [As], [Fe] 0.2 < 0.01 NT 
EFF 240 
TOT DE Filter Effluent 240 9.78 Total Iron NT NT 0.88 
B 1 Blank. RO Water -- -- [As], [Fe] <0.0005 < 0.01 NT 
B 2 Standard 0.05 mg/L [As]; 0.25 mg/L [Fe] -- -- [As], [Fe] 0.048 0.23 NT 
NOTES:  
- "NT" denotes parameter was not tested. 





Run 5: As + DEAL(sieved)  
 
Date: 2/7/2013  
Start Time: 11:45 AM  
   
Redox Probe   
Calibration Solution   
Temperature 23 ˚C  
Eh 421  
Filling Solution 900011 900001 
Calibration Std. 219 173 
Probe Reading 215 197 
 






Avg. pH St. Dev.; pH Avg. pH 
St. Dev.; 
pH Avg. pH 
St. Dev.; 
pH 
0 0.00 6.66 0.50 6.50 0.02 7.20 0.30 
30 1.22 6.78 0.10 6.90 0.03 7.23 0.10 
60 2.44 7.20 0.40 7.10 0.10 7.17 0.02 
90 3.67 7.30 0.30 7.18 0.05 7.08 0.05 
120 4.89 7.31 0.20 7.09 0.02 7.01 0.40 
150 6.11 7.28 0.20 7.01 0.01 7.05 0.00 
180 7.33 7.20 0.20 6.99 0.01 6.90 0.00 
210 8.56 7.31 0.40 7.14 0.00 6.99 0.02 
240 9.78 7.27 0.30 7.20 0.30 7.02 0.03 
        
        


















0 0.00 181.0 0.10 43.0 0.50 180.0 0.00 
30 1.22 184.2 0.00 38.0 0.20 147.8 0.00 
60 2.44 212.0 0.00 42.6 0.00 201.0 0.20 
90 3.67 192.0 0.00 31.0 0.10 199.0 0.50 
120 4.89 201.0 0.10 47.0 0.30 216.0 0.10 
150 6.11 198.5 0.10 39.0 0.20 211.0 0.10 
180 7.33 184.0 0.50 28.9 0.00 189.0 0.30 
210 8.56 186.0 0.20 34.0 0.30 194.0 0.10 










Run 5: As + DEAL(sieved)  
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Eh, V Eh, V Eh, V 
0 0.00 0.389 0.251 0.388 
30 1.22 0.392 0.246 0.355 
60 2.44 0.420 0.250 0.409 
90 3.67 0.400 0.239 0.407 
120 4.89 0.409 0.255 0.424 
150 6.11 0.406 0.247 0.419 
180 7.33 0.392 0.236 0.397 
210 8.56 0.394 0.242 0.402 
240 9.78 0.405 0.247 0.409 
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Temp, °C  Temp, °C  Temp, °C  
0 0.00 28.00 21.00 28.00 
30 1.22 28.00 21.00 28.00 
60 2.44 27.50 21.50 27.50 
90 3.67 27.50 21.50 27.50 
120 4.89 27.50 22.00 27.00 
150 6.11 27.00 22.00 27.00 
180 7.33 27.00 22.00 27.00 
210 8.56 27.50 21.50 27.00 
240 9.78 27.00 21.50 27.00 
 
 
Time,  min Unit Vol Filtrate, m3/m2 Pressure, psi 
0 0.00 0.8 
15 0.61 0.8 
30 1.22 1.0 
45 1.83 1.0 
60 2.44 1.0 
75 3.06 1.0 
90 3.67 1.0 
105 4.28 1.0 
120 4.89 1.0 
135 5.50 1.0 
150 6.11 1.0 
165 6.72 1.1 
180 7.33 1.1 
195 7.95 1.1 
210 8.56 1.1 
225 9.17 1.1 























0 0 48.00 0.00 0.30 0.01 
30 1.22 76.80 0.00 0.12 0.00 
60 2.44 111.00 0.00 0.10 0.04 
90 3.67 120.00 0.00 0.13 0.02 
120 4.89 183. 00 0.00 0.11 0.01 
150 6.11 168. 00 0.00 0.12 0.01 
180 7.33 172. 00 0.00 0.15 0.01 
210 8.56 201.00 0.00 0.19 0.00 




Name Sample Location Time, min 
Unit Vol Filtrate, 
m3/m2 
Analysis 
Requested [As],  mg/L 
SW 0 Source Water Tank 0 0.00 [As] 0.16 
EFF 0 DE Filter Effluent 0 0.00 [As] 0.0005 
EFF 30 DE Filter Effluent 30 1.22 [As] 0.053 
EFF 60 DE Filter Effluent 60 (Duplicate) 2.44 [As] 0.048 
EFF 60 D DE Filter Effluent 60 (Duplicate) 2.44 [As] 0.048 
EFF 90 DE Filter Effluent 90 3.67 [As] 0.048 
SW 120 Source Water Tank 120 4.89 [As] 0.049 
EFF 120 DE Filter Effluent 120 4.89 [As] 0.057 
EFF 180 DE Filter Effluent 180 7.33 [As] 0.063 
SW 240 Source Water Tank 240 9.78 [As] 0.16 
EFF 240 DE Filter Effluent 240 9.78 [As] 0.068 
B 1 Blank. RO Water -- -- [As] < 0.005 
B 2 Standard 0.05 mg/L [As] -- -- [As] 0.053 
NOTES:  
- "NT" denotes parameter was not tested. 





Run 6: NOM + DE (Control Run) 
 
Date: 7/11/2012  
Start Time: 1:15 PM  
   
Redox Probe   
Calibration Solution   
Temperature 23 ˚C  
Eh 421  
Filling Solution 900011 900001 
Calibration Std. 219 173 
Probe Reading 214 199 
 
 






Avg. pH St. Dev.; pH Avg. pH 
St. Dev.; 
pH Avg. pH 
St. Dev.; 
pH 
0 0.00 6.35 0.02 6.60 0.09 7.02 0.01 
30 1.22 6.31 0.04 6.57 0.11 7.04 0.00 
60 2.44 6.38 0.03 6.72 0.09 6.93 0.08 
90 3.67 6.37 0.11 6.72 0.14 7.08 0.03 
120 4.89 6.37 0.06 6.68 0.15 7.17 0.02 
150 6.11 6.63 0.07 6.83 0.01 7.04 0.07 
180 7.33 6.49 0.06 6.82 0.16 7.02 0.11 
210 8.56 6.46 0.12 6.84 0.04 7.09 0.09 
240 9.78 6.68 0.14 6.91 0.01 7.05 0.08 
        
        


















0 0.00 -26.2 0.20 -96.8 0.00 -97.7 0.10 
30 1.22 -26.7 0.10 -97.2 0.00 -95.3 0.10 
60 2.44 -26.2 0.10 -96.7 0.10 -96.0 0.10 
90 3.67 -26.8 0.00 -96.3 0.00 -96.3 0.00 
120 4.89 -26.7 0.00 -96.3 0.20 -96.7 0.10 
150 6.11 -26.8 0.10 -95.7 0.20 -95.8 0.20 
180 7.33 -26.2 0.00 -96.8 0.00 -95.8 0.20 
210 8.56 -26.5 0.30 -96.1 0.00 -95.7 0.00 










Run 6: NOM + DE (Control Run) 
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Eh, V Eh, V Eh, V 
0 0.00 0.208 0.158 0.157 
30 1.22 0.208 0.157 0.159 
60 2.44 0.208 0.158 0.159 
90 3.67 0.208 0.158 0.160 
120 4.89 0.208 0.158 0.160 
150 6.11 0.208 0.159 0.159 
180 7.33 0.208 0.158 0.162 
210 8.56 0.208 0.158 0.159 
240 9.78 0.209 0.159 0.156 
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Temp, °C  Temp, °C  Temp, °C  
0 0.00 27.00 22.00 27.00 
30 1.22 27.00 22.00 27.00 
60 2.44 27.50 22.00 26.50 
90 3.67 27.50 22.25 26.50 
120 4.89 27.50 22.25 26.50 
150 6.11 27.50 22.50 26.50 
180 7.33 28.00 23.00 25.00 
210 8.56 28.00 23.00 25.00 
240 9.78 28.00 23.00 25.00 
 
 
Time,  min Unit Vol Filtrate, m3/m2 Pressure, psi 
0 0.00 0.8 
15 0.61 1.0 
30 1.22 1.0 
45 1.83 1.0 
60 2.44 1.1 
75 3.06 1.1 
90 3.67 1.1 
105 4.28 1.3 
120 4.89 1.3 
135 5.50 1.3 
150 6.11 1.4 
165 6.72 1.4 
180 7.33 1.5 
195 7.95 1.5 
210 8.56 1.6 
225 9.17 1.6 























0 0 1.48 0.08 1.19 0.06 
30 1.22 1.35 0.00 1.16 0.04 
60 2.44 41.20 1.41 1.29 0.17 
90 3.67 59.25 1.77 1.08 0.01 
120 4.89 64.80 0.57 1.09 0.04 
150 6.11 54.65 0.49 1.22 0.03 
180 7.33 58.95 0.35 1.26 0.06 
210 8.56 62.85 0.35 1.14 0.05 
240 9.78 66.00 0.14 1.01 0.02 
NOTES:  
- Average background Source Water Turbidity: 1.93 NTU; St. Dev.: 0.12. 
 


















0 0.00 0.257 0.00 0.255 0.00 0.249 0.00 
30 1.22 0.257 0.00 0.255 0.00 0.249 0.00 
60 2.44 0.257 0.00 0.255 0.00 0.250 0.01 
90 3.67 0.258 0.00 0.254 0.00 0.249 0.00 
120 4.89 0.258 0.00 0.253 0.00 0.249 0.00 
150 6.11 0.258 0.01 0.252 0.00 0.249 0.00 
180 7.33 0.258 0.00 0.252 0.01 0.250 0.01 
210 8.56 0.259 0.00 0.249 0.00 0.246 0.00 
240 9.78 0.261 0.02 0.251 0.00 0.249 0.01 
        


















0 0.00 6.59 0.01 6.40 0.02 6.42 0.02 
30 1.22 6.60 0.01 6.23 0.07 6.38 0.03 
60 2.44 6.59 0.02 6.51 0.05 6.41 0.02 
90 3.67 6.57 0.01 6.33 0.03 6.37 0.04 
120 4.89 6.57 0.06 6.39 0.04 6.36 0.02 
150 6.11 6.55 0.03 6.51 0.02 6.38 0.02 
180 7.33 6.55 0.01 6.52 0.05 6.42 0.03 
210 8.56 6.55 0.03 6.43 0.02 6.29 0.03 
240 9.78 6.69 0.14 6.38 0.13 6.30 0.05 
NOTES:  




Run 7: NOM + ZVI  
 
Date: 9/25/2012  
Start Time: 2:45 PM  
   
Redox Probe   
Calibration Solution   
Temperature 23 ˚C  
Eh 421  
Filling Solution 900011 900001 
Calibration Std. 219 173 
Probe Reading 214 201 
 






Avg. pH St. Dev.; pH Avg. pH 
St. Dev.; 
pH Avg. pH 
St. Dev.; 
pH 
0 0.00 6.70 0.02 6.81 0.01 6.82 0.02 
30 1.22 6.78 0.01 6.86 0.01 6.62 0.04 
60 2.44 6.70 0.02 6.93 0.08 6.76 0.01 
90 3.67 6.86 0.05 6.95 0.04 6.84 0.03 
120 4.89 6.90 0.02 6.99 0.03 6.90 0.02 
150 6.11 6.98 0.01 7.01 0.02 6.86 0.01 
180 7.33 6.97 0.04 7.07 0.04 6.86 0.04 
210 8.56 7.01 0.02 7.06 0.01 6.98 0.01 
240 9.78 7.02 0.03 7.07 0.07 6.99 0.01 
        
        


















0 0.00 122.8 0.02 116.5 0.50 116.2 0.30 
30 1.22 119.3 0.03 116.3 0.20 118.3 0.20 
60 2.44 118.3 0.05 117.2 0.20 113.3 0.30 
90 3.67 114.5 0.02 114.8 0.40 116.7 0.50 
120 4.89 133.5 0.01 119.2 0.10 117.0 0.00 
150 6.11 128.3 0.00 117.8 0.10 119.0 0.00 
180 7.33 125.2 0.10 118.3 0.00 118.8 0.30 
210 8.56 118.0 0.00 118.7 0.30 114.5 0.50 











Run 7: NOM + ZVI  
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Eh, V Eh, V Eh, V 
0 0.00 0.377 0.371 0.371 
30 1.22 0.374 0.371 0.373 
60 2.44 0.373 0.372 0.368 
90 3.67 0.369 0.369 0.371 
120 4.89 0.388 0.374 0.372 
150 6.11 0.383 0.372 0.374 
180 7.33 0.380 0.373 0.373 
210 8.56 0.373 0.373 0.369 
240 9.78 0.370 0.374 0.370 
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Temp, °C  Temp, °C  Temp, °C  
0 0.00 26.00 23.50 25.75 
30 1.22 26.00 23.50 25.75 
60 2.44 25.50 23.25 25.75 
90 3.67 25.25 23.25 25.25 
120 4.89 25.00 22.75 25.25 
150 6.11 25.00 22.50 25.00 
180 7.33 24.00 22.50 25.00 
210 8.56 24.00 22.50 24.50 
240 9.78 24.00 22.00 24.50 
 
 
Time,  min Unit Vol Filtrate, m3/m2 Pressure, psi 
0 0.00 1.1 
15 0.61 1.0 
30 1.22 0.8 
45 1.83 1.0 
60 2.44 1.0 
75 3.06 1.0 
90 3.67 1.0 
105 4.28 1.1 
120 4.89 1.2 
135 5.50 1.4 
150 6.11 1.4 
165 6.72 1.5 
180 7.33 1.9 
195 7.95 2.0 
210 8.56 1.8 
225 9.17 2.0 























0 0 2.10 0.50 1.04 0.01 
30 1.22 2.13 0.04 1.05 0.00 
60 2.44 19.43 0.79 1.02 0.01 
90 3.67 30.99 1.39 1.06 0.01 
120 4.89 42.70 0.57 1.15 0.06 
150 6.11 48.57 0.74 0.91 0.01 
180 7.33 54.52 0.26 0.86 0.03 
210 8.56 59.52 0.12 0.89 0.01 
240 9.78 58.07 0.07 0.85 0.01 
NOTES:  
- Average background Source Water Turbidity: 1.42 NTU; St. Dev.: 0.08. 


















0 0.00 0.225 0.01 0.216 0.01 0.214 0.02 
30 1.22 0.225 0.00 0.216 0.00 0.215 0.01 
60 2.44 0.222 0.00 0.216 0.00 0.201 0.00 
90 3.67 0.222 0.02 0.217 0.02 0.209 0.00 
120 4.89 0.224 0.01 0.218 0.00 0.211 0.00 
150 6.11 0.224 0.00 0.217 0.00 0.208 0.00 
180 7.33 0.226 0.01 0.219 0.01 0.210 0.00 
210 8.56 0.228 0.01 0.221 0.00 0.214 0.00 
240 9.78 0.218 0.00 0.221 0.01 0.215 0.00 
        


















0 0.00 6.12 0.10 5.74 0.04 5.61 0.01 
30 1.22 5.91 0.05 5.57 0.03 5.59 0.02 
60 2.44 5.97 0.04 5.53 0.02 5.3 0.01 
90 3.67 5.92 0.02 5.55 0.02 5.41 0.02 
120 4.89 6.05 0.06 5.57 0.01 5.59 0.02 
150 6.11 5.87 0.02 5.55 0.02 5.65 0.03 
180 7.33 5.90 0.01 5.56 0.01 5.62 0.02 
210 8.56 5.85 0.02 5.39 0.08 5.52 0.01 
240 9.78 5.87 0.03 5.45 0.01 5.54 0.02 
NOTES:  





Run 7: NOM + ZVI 
 







EFF 0 DE Filter Effluent 0 0.00 [Fe] 0.52 NT 
SW 0 Source Water Tank 0 0.00 [Fe] 0.39 NT 
ZVI 0 ZVI Dose Tank 0 0.00 [Fe] 0.045 NT 
EFF 30 DE Filter Effluent 30 1.22 [Fe] 0.43 NT 
EFF 60 DE Filter Effluent 60 (Duplicate) 2.44 [Fe] 0.44 NT 
EFF 60 D DE Filter Effluent 60 (Duplicate) 2.44 [Fe] 0.44 NT 
EFF 60 TOT DE Filter Effluent 60 2.44 Total Iron NT 0.52 
EFF 90 DE Filter Effluent 90 3.67 [Fe] 0.42 NT 
EFF 120 DE Filter Effluent 120 4.89 [Fe] 0.41 NT 
EFF 120 TOT DE Filter Effluent 120 4.89 Total Iron NT 0.61 
EFF 180 DE Filter Effluent 180 7.33 [Fe] 0.47 NT 
SW 240 Source Water Tank 240 9.78 [Fe] 0.4 NT 
ZVI 240 ZVI Dose Tank 240 9.78 [Fe] 0.075 NT 
EFF 240 DE Filter Effluent 240 9.78 [Fe] 0.47 NT 
EFF 240 TOT DE Filter Effluent 240 9.78 Total Iron NT 0.6 
B 1 Blank. RO Water -- -- [Fe] < 0.01 NT 
B 2 0.25 mg/L [Fe] -- -- [Fe] 0.26 NT 
NOTES:  
- "NT" denotes parameter was not tested. 




Run 8: NOM + DEAL(sieved)  
 
Date: 12/6/2012  
Start Time: 2:00 PM  
   
Redox Probe   
Calibration Solution   
Temperature 23 ˚C  
Eh 421  
Filling Solution 900011 900001 
Calibration Std. 219 173 
Probe Reading 212 198 
 
 






Avg. pH St. Dev.; pH Avg. pH 
St. Dev.; 
pH Avg. pH 
St. Dev.; 
pH 
0 0.00 6.60 0.05 7.09   7.16 0.06 
30 1.22 6.65 0.04 7.14 0.02 7.24 0.02 
60 2.44 6.74 0.02 7.13 0.06 7.10 0.05 
90 3.67 6.84 0.02 7.11 0.05 7.18 0.09 
120 4.89 6.91 0.01 6.85 0.02 7.16 0.10 
150 6.11 7.02 0.03 6.93 0.01 7.20 0.03 
180 7.33 7.10 0.01 6.79 0.02 7.20 0.30 
210 8.56 6.68 0.01 6.99 0.01 7.19 0.10 
240 9.78 6.76 0.05 7.01 0.01 7.20 0.05 
        
        


















0 0.00 -149.3 0.03 -141.0 0.03 -154.8 0.02 
30 1.22 -151.8 0.02 -139.5 0.05 -142.8 0.03 
60 2.44 -154.0 0.05 -137.5 0.02 -150.8 0.01 
90 3.67 -145.0 0.04 -135.7 0.06 -145.0 0.04 
120 4.89 -150.3 0.02 -134.5 0.01 -150.2 0.02 
150 6.11 -150.3 0.01 -133.5 0.04 -141.0 0.02 
180 7.33 -154.8 0.03 -130.2 0.02 -140.0 0.01 
210 8.56 -156.5 0.01 -130.6 0.03 -148.0 0.03 










Run 8: NOM + DEAL(sieved)  
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Eh, V Eh, V Eh, V 
0 0.00 0.105 0.114 0.100 
30 1.22 0.103 0.115 0.112 
60 2.44 0.101 0.117 0.104 
90 3.67 0.110 0.119 0.110 
120 4.89 0.104 0.120 0.104 
150 6.11 0.104 0.121 0.114 
180 7.33 0.100 0.124 0.115 
210 8.56 0.098 0.124 0.107 
240 9.78 0.104 0.125 0.110 
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Temp, °C  Temp, °C  Temp, °C  
0 0.00 21.00 23.00 21.00 
30 1.22 21.50 23.00 21.00 
60 2.44 21.00 23.00 21.50 
90 3.67 21.00 23.00 21.50 
120 4.89 21.00 23.00 21.50 
150 6.11 22.00 22.50 21.25 
180 7.33 22.00 22.00 21.25 
210 8.56 21.50 22.00 21.00 
240 9.78 21.00 22.00 21.00 
 
 
Time,  min Unit Vol Filtrate, m3/m2 Pressure, psi 
0 0.00 1.0 
15 0.61 0.9 
30 1.22 1.0 
45 1.83 1.2 
60 2.44 1.4 
75 3.06 1.5 
90 3.67 1.7 
105 4.28 2.0 
120 4.89 2.1 
135 5.50 2.4 
150 6.11 2.4 
165 6.72 2.5 
180 7.33 2.5 
195 7.95 2.5 
210 8.56 2.5 
225 9.17 2.7 























0 0 18.54 0.05 2.01 0.05 
30 1.22 30.01 0.02 1.99 0.00 
60 2.44 31.97 0.06 2.00 0.02 
90 3.67 42.30 0.02 1.98 0.04 
120 4.89 43.10 0.03 1.96 0.04 
150 6.11 48.04 0.01 1.95 0.07 
180 7.33 49.09 0.01 1.92 0.04 
210 8.56 54.33 0.03 1.91 0.01 
240 9.78 54.70 0.03 1.92 0.09 
NOTES:  
- Average background Source Water Turbidity: 2.10 NTU; St. Dev.: 0.06. 
 


















0 0.00 0.232 0.00 0.210 0.00 0.187 0.00 
30 1.22 0.232 0.00 0.211 0.01 0.189 0.00 
60 2.44 0.229 0.00 0.210 0.00 0.190 0.00 
90 3.67 0.232 0.00 0.209 0.02 0.186 0.01 
120 4.89 0.230 0.00 0.207 0.00 0.184 0.00 
150 6.11 0.228 0.00 0.205 0.00 0.182 0.00 
180 7.33 0.231 0.00 0.207 0.01 0.182 0.00 
210 8.56 0.228 0.00 0.203 0.00 0.178 0.00 
240 9.78 0.230 0.00 0.203 0.00 0.176 0.01 
        


















0 0.00 7.01 0.02 6.82 0.09 5.70 0.01 
30 1.22 6.92 0.01 6.62 0.06 5.71 0.02 
60 2.44 6.75 0.02 6.44 0.07 5.72 0.02 
90 3.67 6.71 0.02 6.64 0.07 5.57 0.01 
120 4.89 6.73 0.02 6.52 0.04 5.58 0.01 
150 6.11 6.81 0.01 6.61 0.03 5.76 0.01 
180 7.33 6.76 0.02 6.74 0.03 5.44 0.01 
210 8.56 6.62 0.03 6.64 0.03 5.48 0.01 
240 9.78 6.66 0.02 6.53 0.02 5.39 0.02 
NOTES:  




Run 8(a): NOM + DEAL(unsieved)  
 
Date: 7/17/2012  
Start Time: 2:05 PM  
   
Redox Probe   
Calibration Solution   
Temperature 23 ˚C  
Eh 421  
Filling Solution 900011 900001 
Calibration Std. 219 173 
Probe Reading 213 195 
 






Avg. pH St. Dev.; pH Avg. pH 
St. Dev.; 
pH Avg. pH 
St. Dev.; 
pH 
0 0.00 6.81 0.03 6.46 0.29 6.73 0.06 
15 0.61 6.86 0.02 6.79 0.06 6.79 0.04 
30 1.22 6.75 0.01 6.62 0.04 6.79 0.02 
45 1.83 6.86 0.04 6.95 0.05 6.79 0.04 
60 2.44 6.83 0.01 6.72 0.11 6.82 0.05 
80 3.26 6.86 0.01 6.77 0.03 6.81 0.01 
100 4.07 6.85 0.02 6.83 0.02 6.79 0.01 
120 4.89 6.82 0.01 6.86 0.04 6.86 0.03 
140 5.70 6.85 0.01 6.96 0.03 6.86 0.04 
160 6.52 6.89 0.08 6.87 0.04 6.87 0.04 
180 7.33 6.86 0.02 6.95 0.04 6.88 0.05 
200 8.15 6.85 0.03 7.02 0.02 7.02 0.01 
        
        


















0 0.00 -92.33 0.05 -87.83 0.02 -87.33 0.03 
15 0.61 -91.33 0.02 -90.00 0.02 -104.83 0.05 
30 1.22 -92.00 0.03 -88.67 0.01 -93.00 0.02 
45 1.83 -89.17 0.02 -89.50 0.00 -88.33 0.01 
60 2.44 -89.50 0.05 -88.83 0.02 -87.17 0.06 
80 3.26 -90.67 0.01 -90.00 0.01 -91.67 0.02 
100 4.07 -91.00 0.01 -90.50 0.03 -92.00 0.04 
120 4.89 -90.00 0.00 -88.50 0.04 -85.33 0.03 
140 5.70 -90.83 0.04 -89.50 0.01 -85.50 0.03 
160 6.52 -93.00 0.03 -90.33 0.01 -87.00 0.01 
180 7.33 -90.96 0.01 -89.83 0.05 -85.67 0.01 




Run 8(a): NOM + DEAL(unsieved)  
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Eh, V Eh, V Eh, V 
0 0.00 0.162 0.167 0.167 
15 0.61 0.163 0.165 0.150 
30 1.22 0.163 0.166 0.162 
45 1.83 0.165 0.165 0.166 
60 2.44 0.165 0.166 0.167 
80 3.26 0.164 0.165 0.163 
100 4.07 0.164 0.164 0.163 
120 4.89 0.165 0.166 0.169 
140 5.70 0.164 0.165 0.169 
160 6.52 0.162 0.164 0.168 
180 7.33 0.164 0.165 0.169 
200 8.15 0.164 0.167 0.169 
 
  Source Water Tank Dose Tank Filter Effluent 
Time, min Unit Vol Filtrate, m3/m2 Temp, °C  Temp, °C  Temp, °C  
0 0.00 28.00 23.00 25.50 
15 0.61 28.00 23.00 25.50 
30 1.22 28.50 23.00 25.25 
45 1.83 27.50 22.25 25.25 
60 2.44 27.50 22.50 25.00 
80 3.26 27.50 22.50 24.75 
100 4.07 27.25 22.25 24.50 
120 4.89 27.25 22.25 24.50 
140 5.70 27.00 22.00 24.50 
160 6.52 27.00 22.00 24.00 
180 7.33 27.00 21.75 24.00 
200 8.15 27.25 21.75 23.75 
 
 
Time,  min Unit Vol Filtrate, m3/m2 Pressure, psi 
0 0.00 0.0 
15 0.61 1.0 
30 1.22 1.5 
45 1.83 2.5 
60 2.44 4.0 
80 3.26 6.0 
100 4.07 8.0 
120 4.89 11.5 
140 5.70 13.5 
160 6.52 17.5 
180 7.33 21.5 






















0 0.00 21.15 0.78 3.46 0.08 
15 0.61 50.35 0.49 4.22 0.08 
30 1.22 68.10 0.42 3.26 0.01 
45 1.83 77.00 0.71 2.36 0.01 
60 2.44 120.00 1.41 1.40 0.01 
80 3.26 117.00 1.41 1.23 0.04 
100 4.07 103.50 0.71 0.88 0.01 
120 4.89 135.00 1.41 1.00 0.02 
140 5.70 138.00 0.00 0.75 0.06 
160 6.52 134.00 1.41 0.77 0.04 
180 7.33 162.00 2.83 0.71 0.05 
200 8.15 120.50 4.95 0.61 0.03 
NOTES:  
- Average background Source Water Turbidity: 5.18 NTU; St. Dev.: 0.36. 
 


















0 0.00 0.277 0.00 0.263 0.00 0 0.00 
15 0.61 0.254 0.00 0.226 0.00 15 0.61 
30 1.22 0.277 0.00 0.245 0.01 30 1.22 
45 1.83 0.253 0.00 0.237 0.00 45 1.83 
60 2.44 0.278 0.00 0.211 0.00 60 2.44 
80 3.26 0.284 0.00 0.223 0.00 80 3.26 
100 4.07 0.252 0.00 0.236 0.01 100 4.07 
120 4.89 0.251 0.00 0.213 0.00 120 4.89 
140 5.70 0.263 0.01 0.221 0.00 140 5.70 
160 6.52 0.259 0.00 0.216 0.01 160 6.52 
180 7.33 0.261 0.01 0.219 0.00 180 7.33 
200 8.15 0.259 0.00 0.220 0.00 200 8.15 













Run 8(a): NOM + DEAL(unsieved)  
 


















0 0.00 7.93 0.02 6.68 0.03 5.98 0.08 
15 0.61 6.68 0.02 6.77 0.08 6.14 0.06 
30 1.22 6.75 0.01 6.67 0.04 5.73 0.06 
45 1.83 6.69 0.01 6.47 0.09 5.74 0.08 
60 2.44 6.70 0.06 6.75 0.04 5.46 0.08 
80 3.26 6.94 0.08 6.78 0.01 5.41 0.08 
100 4.07 6.77 0.02 6.65 0.05 5.55 0.08 
120 4.89 6.78 0.03 6.48 0.02 5.52 0.08 
140 5.70 6.73 0.05 6.71 0.03 5.17 0.06 
160 6.52 6.76 0.02 6.47 0.02 5.15 0.08 
180 7.33 6.88 0.01 6.48 0.04 5.39 0.45 
200 8.15 6.66 0.06 6.50 0.02 5.31 0.68 
NOTES:  





Observed Water Quality Data from the Dose Tank 
As + DE Control Run (Little, 2011)  
Date: 7/6/2011  Start: 1:00 PM 
 
 
Run 1: MS2 + DE (Control Run) 

























Observed Water Quality Data from the Dose Tank 
Run 2: MS2 + ZVI  
Date: 1/12/2013   Start: 10:30 am 
  
 
Run 3: As + MS2 + FEOOH-DEAL(sieved)  














































Observed Water Quality Data from the Dose Tank 
Run 4: As + ZVI  
Date: 12/20/2012   Start: 2:00 pm 
 
 
Run 5: As + DEAL(sieved)  














































Observed Water Quality Data from the Dose Tank 
Run 6: NOM + DE (Control Run) 
Date: 07/11/2012   Start: 1:15 pm 
 
 
Run 7: NOM + ZVI  
















































Observed Water Quality Data from the Dose Tank 
Run 8: NOM + DEAL(sieved)  
Date: 12/6/2012   Start: 2:00 pm 
 
 
Run 8(a): NOM + DEAL(unsieved)  














































Observed Water Quality Data from the Dose Tank 
Run 4(a): 1000μg As + ZVI  
































































Leach Test: As + MS2 + FEOOH-DEAL(sieved)  
Date: 2/10/2013 
Parameter Avg. pH St. Dev. pH [As], mg/L 
Ambient pH 6.32 0.08 0.00055 
pH 6 5.98 0.05 < 0.0005 
pH 4 4.06 0.09 0.00315 
NOTES: 
• pH measurements were taken every 5 min for the duration of the test. 



































Leach Test: As + DEAL(sieved)  
Date: 2/14/2013 
Parameter Avg. pH St. Dev. pH [As], mg/L 
Ambient pH 6.18 0.07 0.086 
pH 6 6.04 0.05 0.011 
pH 5 5.03 0.06 0.0048 
pH 4 4.02 0.05 0.0021 
NOTES: 
• pH measurements were taken every 5 min for the duration of the test.  











































Sampled: 5/8/13     
Start Time: 3:30 pm     
Sample Time: 4:30 pm     
Initial Arsenic Concentration: 1.3 mg/L   
   
  Dissolved Total 
Sample ID [As], mg/L [Fe], mg/L Fe, mg/L 
Initial As 1.30 NT NT 
Jar 1 0.87 1.90 NT 
Jar 2 0.53 9.70 NT 
Jar 3 0.49 9.10 NT 
Jar 4 0.45 20.00 NT 
Jar 5 0.17 29.00 53 
Jar 5-D 0.17 29.10 54 
NOTES: 
- "NT" denotes parameter was not tested. 
- Dissolved metals analysis denoted by [As] or [Fe]. 
